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Abstract

The purpose of this thesis is to deepen our understanding of the fundamental prop-
erties and defining features of non-linear sigma models on superspaces. We begin by
presenting the major concepts that we have used in our investigation, namely Lie su-
peralgebras and supergroups, non-linear sigma models and two dimensional conformal
field theory. We then exhibit a method, called cohomological reduction, that makes
use of the target space supersymmetry of non-linear sigma models to compute certain
correlation functions. We then show how the target space supersymmetry of Ricci flat
Lie supergroups simplifies the perturbation theory of suitably deformed Wess-Zumino-
Witten models, making it possible to compute boundary conformal weights to all orders.
This is then applied to the OSP (25+2|2S) Gross-Neveu Model, leading to a dual de-
scription in terms of the sigma model on the supersphere S?5+125 With this results in
mind, we then turn to the similar, yet more intricate, theory of the non-linear sigma
model on the complex projective superspaces CPY ~UN The cohomological reduction
allows us to compute several important quantities non-perturbatively with the help of
the system of symplectic fermions. Combining this with partial perturbative results for
the whole theory, together with numerical computations, we propose a conjecture for
the exact evolution of boundary conformal weights for symmetry preserving boundary
conditions.

Zusammenfassung

Das Ziel dieser Dissertation ist es, unser Verstindnis der fundamentalen Eigen-
schaften und definierenden Merkmale nicht-linearer Sigmamodelle zu vertiefen. Wir
stellen zuerst die Hauptkonzepte vor, die wir in unseren Untersuchungen verwendet
haben, namlich Lie-Superalgebren und -gruppen, nicht-lineare Sigmamodelle und zwei-
dimensionale konforme Feldtheorien. Wir stellen dann die sogenannte Methode der
kohomologischen Reduktion vor, welche die Zielraumsupersymmetrie nicht-linearer Sig-
mamodelle ausnutzt, um gewisse Korrelationsfunktionen zu berechnen. Wir zeigen dann,
wie die Zielraumsupersymmetrie von Ricci-flachen Lie-Supergruppen die Storungsthe-
orie von geeignet deformierten Wess-Zumino-Witten Modellen vereinfacht, was uns
erlaubt, konforme Gewichte in Randtheorie in allen Ordnungen auszurechnen. Dies
wenden wir dann auf das OSP (2542|2S) Gross-Neveu-Modell an, was auf eine duale
Beschreibung mit Hilfe des Sigmamodells auf der Supersphire S?51129 fiihrt. Nach
diesen Ergebnissen konzentrieren wir uns auf das ahnliche, jedoch kompliziertere Sig-
mamodell auf den komplexen projektiven Raumen CPY V. Die kohomologische Re-
duktion erlaubt uns, viele wichtige Grossen mit Hilfe eines Systems symplektischer
Fermionen auszurechnen. Indem wir diese mit partiellen storungstheoretischen Ergeb-
nissen und numerischen Rechnungen kombinieren, konnen wir eine Vermutung fuer die
exakte Entwicklung konformer Gewichte in Randtheorien mit symmetrieerhaltenden
Randbedingungen aufstellen.
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Chapter 1

Introduction

Today, string theory is considered a major candidate for a theoretical description of
quantum gravity and for the unification of all known fundamental interactions. In its
original formulation, recalled in [1], string theory had a more limited ambition, for it
was designed to model the strong nuclear interactions. After several setbacks and the
subsequent development and experimental confirmation of quantum chromodynamics,
or QCD, this line of research was left aside. It now appears however, that this aban-
donment may have been a premature decision. Indeed, if one looks at a close relative
of QCD, namely maximally supersymmetric, that is AV = 4, super Yang-Mills in four
dimensions, one finds supporting evidence for the conjecture of [2,3] that this model
can be alternatively described in terms of a superstring theory on the ten dimensional
background AdSs x S®. The proposed duality is of the strong-weak coupling type, in
the sense that it maps the weakly coupled region of the gauge theory to the strongly
coupled one of the string theory and vice versa, as depicted in figure 1.1.

String theory

1
@ @ » =
5 R
on AdS5 X S Weak curvature Strong curvature
Gauge theOI‘y Weak coupling Strong coupling
. = > )\

N =4 SYM . .
Perturbation . Lattice
W theory . i}] models

Figure 1.1: The hypothetical duality between four dimensional N" = 4 super Yang-Mills
and string theory on AdSs x S%, plotted as a function of the radius R of AdSs x S®, or
equivalently the coupling constant A of the gauge theory. The lines connect equivalent
regions on both sides. The full story is more complex since both theories depend on two
parameters, namely the number of colours and the gauge coupling. Furthermore, since
lattice models are non-perturbative, they can be used for all values of .

Thus, the quantities that can be easily computed in a perturbative expansion in the
coupling constant in one theory become very difficult to calculate in the other. This is on
one hand a blessing, since accepting the duality as a working hypothesis makes possible
the analytic investigations of such gauge theory phenomena as quark confinement, that
are usually only treatable via computer simulations, but on the other hand a problem,
because it makes a proof of the conjectured duality all that harder. An improvement
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over the present situation, illustrated in figure 1.2, could involve the construction of
another string theory model that would be a strong-weak coupling dual to the already
well studied AdSs x S° one. This would allow for perturbative comparisons to be made
order by order between this hypothetical theory and N = 4 super Yang-Mills.

String theory

1
@ @ > -
5 R
on AdS5 X S ‘Weak curvature Strong curvature
Hypothetlcal ‘Weak coupling Strong coupling g
@ @ >
dual 2D theory
Gauge theory ‘Weak coupling o ° Strong coupling > )\
N =4 SYM

Figure 1.2: We can look for a two dimensional gauge theory that is dual to string theory
on AdSs x S®. This would allow a perturbative comparison at low coupling to be made.

Formulating such a goal is one thing, finding such a dual description an entirely
different matter altogether. The first step in the right direction passes by a better
understanding of superstring theory on Anti de Sitter spaces, which entails gaining a
better insight into the building blocks of these models, namely non-linear sigma models.

The term sigma models stands for theories whose fundamental fields are interpreted
as the coordinates of some manifold called target space. Thus, they constitute an em-
bedding of the space-time, or worldsheet, on which they are defined into the target space.
Physically, sigma models can be understood as describing the motion of membranes, of
a shape determined by the world sheet, in the embedding manifold. In this thesis, we
will concern ourselves exclusively with nonlinear sigma models with target space, or
internal, supersymmetry. Besides their importance in the field of superstring theory
in Anti de Sitter backgrounds as explained in [4-9], they appear in relationships with
dense polymers in two dimensions [10,11], the quantum Hall plateau transitions [12] or
disordered electron systems [13].

Non-linear sigma models on target superspaces possess a number of surprising prop-
erties which are gradually being uncovered. In particular, there exists several basic
series of models which give rise to families of conformal field theories with continuously
varying exponents, including the supergroup manifolds PSL (N|N), OSP (25+2|2N) and
a number of quotients thereof [12,14-17]. Conformal symmetry in these models allows,
but does not require, the addition of a Wess-Zumino term. A purely bosonic example
of a theory with such properties is the two dimensional sigma model with S! as tar-
get space, illustrated in figure 1.3. This is however a free theory, so that conformal
invariance is not a surprising feature.

Solving conformal field theories with such properties requires developing entirely
new techniques which go far beyond the conventional algebraic methods. Numerical
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Figure 1.3: The moduli space of the two dimensional sigma model with S! as target
space. This one parameter family of conformal field theories has operators with contin-
uously varying dimension.

and algebraic studies of lattice discretizations [16,18,19] and supersymmetry aided all-
order perturbative computations of spectra [20,21] have been applied with astonishing
results. In some cases is was possible to determine exact formulae for all boundary
conformal weights as a function of the continuous couplings, or moduli, of the models.

While many different target spaces shall be considered in the course of this work,
the main focus shall be on symmetric superspaces. These spaces can be understood as
quotients of two supergroups in which the denominator one is fixed by an order two au-
tomorphism. Sigma models on bosonic symmetric spaces have been studied extensively
because of their numerous applications in many different branches of physics. While
they are well-known to possess an infinite number of classically conserved quantities, as
described initially in [22-27] and later for example in [28,29], quantum effects spoil inte-
grability in many cases, as shown in [30,31]. And even in those examples for which this
does not happen, finding explicit formulae for the partition functions and the correlators
is a difficult problem that has only been solved for a small set of models. Target space
supersymmetry changes many aspects and leads to a number of remarkable properties,
like for instance quantum conformal invariance. Yet, even in these very symmetric cases,
finding explicit solutions is still rather difficult and requires developing new techniques,
as for instance the ones pioneered by [32,33]. Some remarkable recent advances, most
importantly the results of [34] and [18,19], seem to bring at least some partial solutions
within reach. One of our aims here is to initiate and explore new solution strategies
that incorporate target space supersymmetry as an essential feature.

The plan of this thesis can be outlined as follows.

In the second chapter, we present the main mathematical tools needed for our in-
vestigations. This starts with general Lie superalgebra and supergroup theory and their
representations. We then move on to the description of coset superspaces, which pro-
vide the main ingredient for our definition of non-linear sigma models. From there, we
sketch the basic elements of conformal field theory, both in the boundary and in the
bulk, and present a short introduction to the important Wess-Zumino-Novikov-Witten
and Gross-Neveu models.
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The third chapter’s main goal is to use the target space supersymmetry of the non-
linear sigma models under consideration in order to identify simpler subsectors within
the theory. The main goal is to show how the correlation functions of operators in
those subsectors can be computed by using non-linear sigma models on smaller target
spaces that are easier to work with. Presenting this method, for which we have coined
the name of cohomological reduction, requires us to first spend some time explaining the
implications of the fact that for a given nilpotent fermionic element of a Lie superalgebra,
its cohomology in the Lie superalgebra itself can be endowed with a Lie superalgebra
structure. We then extend these results to the computation of cohomologies of nilpotent
fermionic symmetry generators on the space of functions and on the space of tensor forms
of coset superspaces. Combining these results allows us to compute the cohomology of
the Lagrangian itself and to show that it can be identified with the Lagrangian of another
non-linear sigma model, thus enabling us to calculate the correlation functions of a
specific class of operators. We then spend some time investigating the sigma models on
homogeneous superspaces, before ending the chapter with a short note on the extension
of the method of cohomological reduction to Wess-Zumino-Witten and Gross-Neveu
models.

In the fourth chapter, we examine an important series of sigma models, namely
those whose target spaces are the superspheres S?M+12M e start by presenting the
prototype of these models, the circle, which helps us illustrate several principles and
approaches that we use later on. We go on to argue that the S2M*112M models all possess
two dimensional worldsheet conformal symmetry and concentrate on the computation
of the boundary spectrum for a very specific boundary condition in S®?, the simplest
non-trivial model. We first calculate in a combinatorial fashion the spectrum in the
non-interacting limit of infinite volume. The symmetry of the model is then used to
decompose said spectrum in characters of representations of the target space symmetry
group. After these computations are done, we turn to the Gross-Neveu theories that
we claim are strong-weak duals to the S?M+12M gioma models, thus generalizing the
famous duality between the compactified free boson and the massless Thirring model.
To support this hypothesis, we compute the partition function for a particular boundary
condition as a function of the coupling constant. Thanks to symmetry arguments, this
is achieved to all orders in perturbation theory, with the result that the change of the
conformal weights depends only on the symmetry. Taking this spectrum in the limit
of infinite coupling constant then reproduces the spectrum that we computed in the
non-interacting point of the S3? sigma model. We then close the chapter by sketching
how the extension to world sheet supersymmetric sigma models is to be done.

Emboldened by the results concerning the superspheres, in the sixth chapter we
turn to another family of sigma models, namely those whose target space is given by
the complex projective superspaces of the kind CP® ~19 While these spaces share many
characteristics with the superspheres, they also have some special traits in that they
are complex Ricci-flat spaces and thus constitute the simplest examples of Calabi-Yau
supermanifolds. In addition, unlike the superspheres, they allow for the presence of a

4



non-trivial antisymmetric term in the Lagrangian, so that the space of moduli becomes
two dimensional. We start our treatment by classifying the possible symmetry preserving
boundary conditions in the sigma model, whose boundary spectra we then compute in
the particle and in the infinite volume limit. Using some perturbative computations
that we back up with results obtained via the technique of cohomological reduction,
we are then able to present a conjecture for the spectra for all values of the coupling
constants. In the second part of the chapter, we present a spin chain description of the
sigma models that gives numerical support for our claim. Unfortunately, unlike for the
superspheres, no dual description could be found for the CP°~'!¥ sigma models.

In the last part, we present some possible further applications of the methods and
results gained in this thesis and close with an outlook of possible future research.
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Chapter 2

Preliminaries

In this chapter, we will present the basic concepts necessary for the understanding of the
computations and results to follow. We start with a discussion of the basic symmetry
concepts that are important to us, namely Lie superalgebras and supergroups. From
there, we continue with a presentation of homogeneous superspaces and of the physical
models thereon, namely non-linear sigma models. The last part of this chapter then
focuses on conformally invariant theories in two dimensions and presents some results
concerning the perturbation theory of Wess-Zumino-Witten models that will be of use
in the later parts of this work.

2.1 Lie superalgebras

For Lie groups, one usually starts by describing the groups as smooth manifolds endowed
with a group operation and then defines the Lie algebras as being the tangent spaces
to the identity element. In the case of Lie superalgebras and supergroups however, it is
preferable to proceed in the opposite direction.

Definition 2.1.1. A Lie superalgebra g over a field! T is a direct sum of two [ vec-

torspaces: the even gj and the odd gi, together with a gradation function | - |, such
that
|X|:{ 0 forXG{ g0 ,
1 g1
and a bilinear bracket [-, ] : g X g — g, which is called the supercommutator. The

bracket must

e be graded anti-symmetric, meaning

(X,Y] = (-0 y, X] . (2.1.1)
e be compatible with the gradation function
(97, 93] C Bisjmod 2 - (2.1.2)

e obey the graded Jacobi identity
X, [V, 2] = (X, Y], 2]+ (=) (X, 2] (2.1.3)

I'We will restrict ourselves to F = R or C
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Corollary 2.1.1. The definition of g implies in particular that gg is an usual Lie algebra
and that gi transforms in a representation thereof.

Definition 2.1.2. We will call a bilinear form (-, ) : g x g — C a metric, if it is:

e graded symmetric

(X,Y)= (-1 vy, Xx) . (2.1.4)
e consistent
(X,Y)=0 for X €g; Y €9 . (2.1.5)
e invariant
(X, Y], 2)=(X,[Y, Z]) . (2.1.6)
e non-degenerate
(X, Y)=0Weg—X=0. (2.1.7)

While for a given superalgebra g the last requirement cannot always be fulfilled, a
simple way of obtaining a form that satisfies the first three is to take a representation
p:g— End(V) and to set

(X,Y) =str(p(X)pY)) , (2.1.8)

where the supertrace str is defined as the trace weighed appropriately with the gradation
function, see (2.1.14) below. If the representation is the adjoint one p,q, the resulting
metric for g is called the Killing form. Choosing a basis {TA CA=1,..., dimg} of g
and setting the gradation for the indices to be the same as the one for the basis elements,
i.e. |A| ;= |T4|, we define the structure constants 4B, as

(T4, TP] .= A5, 1¢ . (2.1.9)

We can then express the Killing form using the structure constants:

dim g

KAB .= str (pad(TA ) Pad( TB Z fAD fBC )‘C| (2.1.10)
C,D=1

The structure constants and the corresponding Killing form can also be represented
graphically as in figure 2.1. This will turn out to be useful later on.

Definition 2.1.3. A non-degenerate metric can be used to obtain another very impor-
tant element of the Lie superalgebra. For a given metric (-, -), that is expressed as a
tensor k4B = (TA, T8 ), we define the quadratic Casimir as

dim g
Cas:= » (k') T'T". (2.1.11)

A,B=1
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A

B

Figure 2.1: A graphical representation of the structure constants and of the Killing form.

The quadratic Casimir is to be understood as being part of the universal enveloping
algebra (g) of g. Using the symmetries of the structure constants as well as the
properties of the metric, it is easy to see that Cas is a central element in $4(g), which
means that it commutes with all 7¢. It is important to note that, unlike in the case of
Lie algebras, the quadratic Casimir of Lie superalgebras cannot always be diagonalized
and will in general possess non-trivial Jordan blocks. We provide more information
concerning the quadratic Casimir elements in appendix B, especially in section B.4.

Definition 2.1.4. Simple Lie superalgebras are defined as being the ones lacking non
trivial ideals. Semisimple Lie superalgebras are then direct sums of simple ones. The
complete and lengthy classification of simple Lie superalgebras was presented in [35].
Here, we are merely interested in classical Lie superalgebras for which the even part gg
is a reductive Lie algebra. Whether simple or not, they fall into two types:

I) those for which the odd part g; = g_; @ g1 decomposes into a direct sum of two
simple modules of the even subalgebra gg. Among others, this is the case for
gl(m|n), sl (m|n), pgl(n|n), psl (n|n) and osp (2[2n).

IT) those for which g; is an irreducible representation of gz. This category includes
the superalgebras osp (m|2n) for m # 2.

We will not be interested in all the classical Lie superalgebras whether of type I or
of type II. Those that are of importance to us are the following:

e The general linear superalgebra gl (m|n), defined as the set of matrices X

X = (%’%) : (2.1.12)

where A, B, C' and D are matrices of size m X m, m X n, n X m and n X n
respectively. The even part gl (m|n); is spanned by those matrices whose B and
C parts vanish, whereas for the odd part one takes only the matrices with zero
A and D terms. The supercommutator is defined as the usual commutator if at
least one of the elements if even, as the anticommutator if both are odd and is
then extended to the full superalgebra by linearity. For m = n, we can define the
algebra pgl (n|n) by quotienting out the ideal spanned by the identity, that is

pgl (n|n) := gl (n|n) /span{1} . (2.1.13)

These two kinds of algebras are quite useful, although none of them is simple.

9
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e The supertrace of a matrix of the kind appearing in (2.1.12) is defined in [35] as
the difference
str(X) == tr(A) — tr(D) . (2.1.14)

This leads to the special linear superalgebra sl (m|n), which is the subset of matrices
X in gl (m|n) with vanishing supertrace, i.e.

sl(m|n) :={X € gl(m|n) : str(X) =0} . (2.1.15)

These superalgebras are simple as long as m is not equal to n, but have an abelian
ideal spanned by the identity matrix otherwise. In that case, we can define the
simple superalgebra psl (n|n) as the quotient

psl (n|n) :=sl(n|n) /span{1} . (2.1.16)

e The orthosymplectic superalgebras osp (m|2n) defined as the set of matrices in
gl (m|2n) subject to the constraint

— X = )00 X ) (2.1.17)

m,2n
where

L, |

t| ot
Xst:<gt Dct ) and J,, 9, = 1, | . (2.1.18)

These superalgebras are simple.

Definition 2.1.5. A Cartan subalgebra g, is a maximal abelian subalgebra of g. For
the algebras that interest us, g, turn out to be the Cartan subalgebra of gg, i.e. of the
even part of the Lie superalgebra in question. The dimension of g, is called the rank
of g. Choosing a basis {Hi}zinlk(g) of gy, we can perform the root decomposition of the
superalgebra:

=28 ®Pes. . (2.1.19)

a€eA

where the root subspace g, is defined as
g = {X €g:[H; X] = a(H)X = a;X} (2.1.20)

and A is the set of all roots «, counting multiplicities. In this notation, the roots « are
of course to be understood as elements of the dual vector space gj. The set of even,
respectively odd roots Ap, Aj contains all o for which the corresponding g, is purely
bosonic, respectively purely fermionic. The roots of the complex superalgebras that we
are interested in are listed in table 2.1. Given a metric on g and a root «, we define
H, € gy by a(H) = (Hs, H). Setting (v, 8) := (Ha, Hg) then provides us with a
metric on the dual space gj.

10
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g 90 Ayp Aq
o (M|N), sl(m|N)  BLM) @el(N), STY e 76,
’ Sl(M)EBSl(N)EBC 5k_5l ¢
:l:Ei + €
osp (2M|2N) so (2M) @ sp (2N) 0, 0 Ee £
+96,
:i:Ei + €
j:Ei :tEi + 5k
osp (2M + 1|2N)  so (2M+1) @ sp (2M) L6 4 4, 5,

+£26y,

Table 2.1: The root systems of gl, sl and osp type superalgebras in the standard basis
€1, €M, 01,...,0y. We note that we require i # j and k # [ in the third column. If
H; is a basis of the Cartan subalgebra of the first direct summand of gz and H; a basis

of the second one, then ¢;(H;) = &5, 8;(H;) = 6;; and (¢, ¢;) = — (6;, 6;) = d;5. We
recommend [35] for more details.

Automorphisms of Lie superalgebras are defined as maps §2 : g — g that preserve
the algebra structure, i.e.

Q(X), QY] =[X.Y] VX,Yeg. (2.1.21)

They are called metric preserving if (Q(X), Q(Y)) = (X, Y). For our purposes, we
shall assume that this is always the case. If an automorphism { of a complex Lie
superalgebra g is involutive and anti-linear, it defines a real form thereof by setting g;
to be the set of elements it leaves invariant. We call such a real form compact, if its
bosonic part is a direct sum of compact Lie algebras.

2.2 Representation theory

A representation p of the Lie superalgebra g is a map p : g — End(V) that preserves
the supercommutation structure. Since g is graded, so are V and End(V). We can
choose a basis of V so that the elements of the Cartan subalgebra g, are represented
by diagonal matrices. Thus the representation decomposes into subspaces characterized
by the eigenvalues of the basis elements of g,, or alternatively by a weight A € g,
whose evaluation on the basis elements provides these eigenvalues. In particular, the
roots of the superalgebra are weights of the adjoint representation. We can impose
a positiity relation on the roots, A = AT U A, denoting certain roots as positive
and others as negative, calling the corresponding root generators raising, respectively
lowering operators. This translates to a positivity relation for all the weights in gj.

11
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RRREEEEEE . topV
. (0,0)

L heChob)
: Casmnr

: (0,1) | (0,—1)
(©o)

socV

Figure 2.2: The eight dimensional indecomposable symmetric representation of sl (2|1) =
osp (2]2). The labels refer to the eigenvalues of the Cartan generators H and Z as defined
in [36]. The full/dotted arrowlines represent the action of fermionic/bosonic generators.
The quadratic Casimir is not diagonalizable. All its eigenvalues are zero, with top V and
socV building a two dimensional Jordan block. One easily reads that socV = rad?V
and that radV/socV is the direct sum of two simple modules.

Therefore, the weights of V are ordered and we will mostly concentrate on the case in
which there is a highest weight.
A subspace U C V is invariant if

p(X)-UcuU VXeg (2.2.1)

and 4rreducible if there are no further subspaces U’ C U different from {0} and U that are
invariant as well. An invariant subspace U C V defines a subrepresentation, or submod-
ule, of g which we call mazimal if the quotient V /U is irreducible. A representation V is
called indecomposable if it cannot be written as a direct sum of two or more irreducible
submodules. Representations that are irreducible are indecomposable, but the converse
is in general not true. We can now define the radical of a representation as

radV := {NU, : U; C V is a maximal submodule } . (2.2.2)

We can use this to build a chain of embedded radicals, the last on of which is zero, that
is :
V CradV CradradV C - Crad"V C rad"™' V = {0} . (2.2.3)
The last non trivial element in this chain is rad" V and is called the socle, or socV, of the
representation. We furthermore define the top of V to be the quotient topV := V/rad V.
We illustrate these concepts in figure 2.2 with an example taken from the representation
theory of sl (2]|1). We refer to [36] for more details.
If puv : 9 — EndU,EndV are two finite dimensional representations and f is a
homogeneous element of the graded space of complex homomorphisms Hom¢(V,U) =

12



2.2. REPRESENTATION THEORY 13

U ® V*, then the action of X € g on f is defined as
(X f](v) = pu(X) - f(0) = (—D)VIEVF (py(X) - v) (2.2.4)

This definition is extended to non homogeneous elements by linearity. In particular, if
U = C is the trivial representation, this defines the dual representation of V. The socle
of the dual module is isomorphic to the top of the original one and vice versa, which
implies that self dual representations have socles and tops that are isomorphic to each
other.

Irreducible representations of the classical Lie superalgebras defined in the previous
section are best obtained if one starts with a representation of their bosonic subalgebras
first. For this construction, we need to make a distinction between type I and type II
superalgebras. We quote without proof the results of [35].

In the type I case, we have by definition a decomposition of the odd part g; into
two simple gg-modules. Denote arbitrarily one of them as g; and the other as g_;. As
representations g; are dual to each other. If we set g9 = gg, we get a decomposition

1
g= @ g; with [g;, ;] Cgir; and (g;,9;)=0if 0+ #0. (2:2.5)
i=—1
We note here that gy should not be confused with the Cartan subalgebra g,. Equation
(2.2.5) of course also implies that we can decompose the set of fermionic roots Aj in
A1 UA_4, depending on whether the root vector of a given fermionic root lies in g; or
g-1.

If we let Dy be a finite dimensional simple module of gy with highest weight A, we
can extend it to a representation of p := go @ g1 by setting the action of the elements of
g1 to zero. From this, we finally arrive at a representation K, of the full superalgebra,
by letting?

Ka :=IndiDp = Alt (g_1) ® Dy , (2.2.6)

where the last part of the above equation is true since [g_1, g_1] = 0 and implies
that dimK, = 24m9 dim D,. These representations are called Kac modules and are
generically irreducible, except if

(A+p,a) =0 for some a € Ay, (2.2.7)
where p is the Weyl vector defined as
1 1
p:P()—PI:§ZOK—§Zﬁ- (2.2.8)
acAt peat

Definition 2.2.1. The number of independent roots for which (2.2.7) holds is called the
degree of atypicality of the weight A. If there are no o € A; that satisfy (2.2.7), then A
is called typical. By extension, we refer to the representation with highest weight A as
typical, respectively atypical if the highest weight itself is typical, respectively atypical.

2Alt denotes the exterior product.

13
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We can now define the irreducible highest weight module S, as being the top of
Ka. If the Kac module is typical, then of course Sy = K,. An important observation
to make is that the superdimension of Kac modules for type I superalgebras is by
construction always zero. We refer the reader to [36,37] for a step by step discussion of
the representations of some particular type I superalgebras.

The case of type II superalgebras is more subtle. Here we will concentrate exclusively
on the algebras g = osp (m|2n) with m # 2. Since the fermionic part transforms in an
irreducible representation of gg, we can no longer perform the same decomposition as
before. The solution to this conundrum requires splitting up the bosonic subalgebra
into three parts. Using table 2.1, we define the two n(n+1)/2 dimensional vectorspaces

gro ={Xo:a==x(0p+6) with k,l=1,...n} . (2.2.9)

where X, is the root generator associated to the root a. Let then gy = so(m) @
gl (n) be the subalgebra that contains the Cartan subalgebra together with all bosonic
root generators not present in gis. Under the action of gy, the fermionic part of the
superalgebra decomposes into two irreducible representations, namely gi;. We thus
obtain a decomposition similar to before

2
o= g with [g;. 9] Cairy; and (g, 9;)=0ifi+j#0. (2.2.10)
i=—2

To construct the actual representations, we start as in the type I case with an irreducible
integral highest weight representation D, of gg, which however in this case is not a
representation of the full bosonic subalgebra. Let its highest weight vector be denoted
by vy. We extend Dy to a representation of p (= go @ g1 ® g2 by letting the extra
generators act trivially. We now define

(A, 24,)

=2
b (20, , 20,,)

and My = U(g) X %} vy, (2.2.11)

where $l(g) is the universal enveloping algebra of g. The space My is an invariant
subspace of IndgD,, which is now no longer finite dimensional, since [g_1, g—1] C g_a.
The Kac modules are defined as the finite dimensional quotient

KA = InngA/l\/lA . (2212)

The atypicality conditions (2.2.7) remain the same as before and we define the irreducible
representations S, as the top of K. In appendix B.1 we apply this general construction
method to the specific case of osp (4|2). Unlike in the case of type I superalgebras, the
superdimension of Kac modules defined via (2.2.12) is only zero® for the typical ones.

3See [35].

14



2.2. REPRESENTATION THEORY 15

Example 2.2.1. Here, we present the very simple case of osp (1|2), which is built out of
the bosonic elements H, Ey together with the fermionic ones F., subject to the relations

(H, E.] = +2E, (H, Fy] = +F. (E,,E|=H
[Ey, Fe] = Fy [Fy, Fi] = F2E, [, FL]=H . (2.2.13)

We proceed as in (2.2.10) and decompose the algebra as

go = span{H } g+1 = span{FL} g2 = span{E.} . (2.2.14)
- My - ~ o mmm e Ky mm e m s \
Y2 ) A n—1 n
] | L] | | Lo
| | ] | | - >~

Figure 2.3: An illustration of the construction of the finite dimensional irreducible
modules of osp (1|2). The vector F,(E_)""lv, is singular and is the highest weight
vector in My.

The weights that will lead to finite dimensional modules are A = nd; with n a non-
negative integer, so that b = n. The space Ind}D, is infinite dimensional and contains
all vectors with weights md;, m < n with multiplicity one. The reader is left with the
task to see that all the vectors with weight smaller than —nd; belong to M. Thus
the Kac modules are of dimension 2n + 1 and are made out of two irreducible sp (2)
representations. The Kac modules for osp (1|2) are always typical and thus always
irreducible. The situation is pictured in figure 2.3.

A very important notion in the representation theory of Lie superalgebras is that
of projective modules, which have the property that their tensor product with any
representation is also a projective module.

Definition 2.2.2. A module P(A) is called a projective cover of the finite dimensional
simple module S(A) if top P(A) = S(A) and if P(A) is projective in the category of finite
modules. Projectivity here means that P(A) is a direct summand of a free module,
or alternatively that for every surjective g-homomorphism f : U — V and every g-
homomorphism g : P(A) — V there exists a, not necessarily unique, g-homomorphism
h : P(A) — U such that f-h = g. The projective covers form an ideal in the space of
finite modules under tensor products and we will make great use of them in the later
chapters.

Last, but not least in our discussion of the representation theory of Lie superalgebras
is the concept of characters of representations. Given first a formal variable x, we can

15
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define a formal power series in z as the Laurent expansion

x(x) = Z anx" where a,, € C . (2.2.15)

These power series are not subject to the notion of radius of convergence and are well
defined as long as the coefficients a, are finite. Given a representation V of a Lie
superalgebra g with Cartan generators {H;},_,, where r = rankg, we can define the
character of V as the formal power series in r variables

xv(Zi, ..., @) 1= try (H xf) = Z multAHx?(Hi) , (2.2.16)
i=1 1=1

AEA(V)

where A(V) is the set of weights in V and mult, their respective multiplicity. Thus, the
characters are well defined as long as no multiplicity becomes infinite.

2.3 Lie supergroups

In order to define a Lie supergroup, we first have to set the stage by introducing some
additional concepts. A finite dimensional Grassmann algebra ® of a field F is the 2V
dimensional vector space generated by N elements 6; that anticommute with each other,
{6;, 6;} = 0. The number N is a priori a free parameter and one obtains different groups
for different values of it, but here we will restrict ourselves to the case N = dim gg.
The Grassman algebra naturally decomposes into a direct sum of an even, &g, and
an odd vectorspace, &1. Given a Lie superalgebra g, we take {t?} to be a basis of
the homogeneous subspaces g; and define the Grassmann envelope &(g) to be the Lie
algebra spanned by the linear combinations

dim gg dim g7
X = Z Taly + Z Yt where z, € &g, y; € 871, (2.3.1)
a=1 i=1

whose commutator is defined as

XY Ar s (0 X =S [, (@a2)
a a,b

where the right hand side uses the supercommutator of g.

Definition 2.3.1. A Lie supergroup is the group generated by the elements eX where
X is an element in the Grassmann envelope &(g) of g. This definition is only strictly
valid if g is a real compact Lie superalgebra, for otherwise the whole group will not be
covered. Generally, Lie supergroups can be defined categorically as supermanifolds with
a group structure, as for instance in the book of Berezin [38], but for our applications,
the first definition is sufficient.

16



2.4. SIGMA MODELS ON COSET SUPERSPACES G/G’ 17

2.4 Sigma models on coset superspaces G /G’

The general setup for non-linear sigma models involves a worldsheet > and a target
space M as shown in figure 2.4. The basic fields of the theory depend on the world-
sheet variables and are interpreted as coordinates in the target space. Thus the model
describes the movement of ¥ in a background given by M.

T TN

Figure 2.4: The basic elements of a nonlinear sigma model: a d dimensional world sheet
3, a D dimensional target space M and a map ¢ between the two. The theory is
assumed invariant under the action of a supergroup GG that maps M onto itself and of
a set U of transformations of the worldsheet.

(

In this section we give two equivalent formulations for the non-linear sigma models
on right-coset superspaces of the form G/G’, where G is some supergroup with non-
degenerate metric and G’ is a sub-supergroup. While the first is a priory easier to grasp
and uses coordinates and tensor fields, the second is more algebraic in nature and will
be of much use in the later parts of the chapter. In the beginning, we will make no
assumptions concerning the structure of G’, but later on fermionic elements of G’ shall
play a key role and we shall mostly concentrate on models for which G' = G%" is a
subgroup invariant under some finite order automorphism.

2.4.1 General coset superspaces G/G’

We want to consider non-linear sigma models on homogeneous superspaces G /G’, where
the quotient is defined as the set of right cosets of G’ in G through the identification

g ~ gg forall ¢ € G' Cc G . (2.4.1)

Example 2.4.1. Let us take G = SU(2) & $% and G’ = U (1) = S'. We parametrize
these groups as

i(a+PB) 0 i(a—P) o 4 it 0
B B e cos e sin N S
¢= {g N < —e7 e B ging e+ cosf )} ¢ = {g N < 0 e )} - (242)
The relation between SU(2) and S® is clear if one sets z; + izy = €@ cosf and
r3+izy = @ P sin 6, so that the sum of the squares of z; equals one. Now, multiplying

g by ¢’ amounts to shifting 3 by t. Thus we can choose a representative of each coset
such that x; is zero and we are left with x5, x3, x4 that obey the equation Z?:z =1,

17
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3
| @, 2

Figure 2.5: The sphere S® with the embedding of S' drawn in red. The quotient can
then be represented as the equator.

)

A

i.e. the defining equation of S2. Therefore, the right quotient SU(2)/U (1) is the two
dimensional sphere.

Back to the general case, let g be the Lie superalgebra associated to G and assume
that comes equipped with a metric ( , ) as in definition 2.1.2. This includes gl (m|n),
sl (m|n)?*, psl(n|n) or osp (m|2n). Similarly, let g’ be the Lie superalgebra associated
to G'. We assume that the restriction of ( , ) to g is non-degenerate. In this case,
the orthogonal complement m of g’ in g is a g’-module and one can write the following
g’-module decomposition: g = g’@m. In particular, this means that there are projectors
P onto g’ and P =1 — P’ onto m which commute with the action of g'.

With the above requirements, the quotient G/G’ can be endowed with a G-invariant
metric g. This metric is by no means unique and generally depends on some number of
continuous parameters which we shall call radii. The square root of the superdeterminant
of g provides in the standard way a G-invariant measure g on G/G’, which is unique
up to a multiplicative constant that depends on the radii of g. These two structures
allow us to write down a purely kinetic Lagrangian for the sigma model on G/G’ and
quantize it in the path integral formalism. Inclusion of #-terms, WZW terms or B-fields
requires a better understanding of the geometry of the G/G’ superspace. In fact, the
0 and WZW terms are associated to G-invariant closed but not exact 2- and 3-forms,
respectively. B-fields, on the other hand, are written in terms of G-invariant exact 2-
forms. Every such linearly independent form comes with its own coupling constant. We
shall only consider Lagrangians with a kinetic term and a B-field. Let b be some general
linear combination of G-invariant exact 2-forms. Then the most general Lagrangian we
consider can be written in the form

L =n"g(0u,0,) + €b(0u,0,) , (2.4.3)

where n* is the constant world sheet metric and e the antisymmetric tensor with
Ol — 1. The Lagrangian is obviously evaluated on maps from the worldsheet ¥ to the
superspace G/G’ and to every one of such maps one can associate a vector field 9, on
G/G’, which appears in eq. (2.4.3) in a coordinate free notation.

4We exclude sl (n|n) and pgl (n|n), since they do not have a non-degenerate metric

18



2.4. SIGMA MODELS ON COSET SUPERSPACES G/G’ 19

There is a different way to formulate the sigma model on G/G’, which makes its
coset nature manifest and allows to explicitly construct the metric g and the B-field b
in equation (2.4.3). For that purpose, instead of maps from the worldsheet to the target
space G/G’, we consider more general maps g : ¥ — G from the world sheet to the Lie
supergroup (G. A basis set of 1-forms on G which are invariant under the global left
G-action is provided by the so called Maurer-Cartan forms

Ju(z) = g7 (2)0ug(x) . (2.4.4)

Higher G-invariant tensors may be built out of the Maurer-Cartan forms by taking tensor
products. There is a subspace of such tensors which are also invariant with respect to
the local right G'-action. These may be specified by their values on the coset superspace
G/G’. We use this idea in order to build explicitly the G-invariant tensors g and b that
enter the Lagrangian (2.4.3).

Under right G’-gauge transformations ¢’ : ¥ +— G’ the Maurer-Cartan forms J,
transform as

9(x) = g@)g' (@) Jul@) = (¢'@) @)y (@) + (¢'(2)) " 0ug'(x) . (24.5)

Since the projection P on m commutes with the action of ¢, the projected forms P(.J,)
transforms by conjugation with ¢’. To build right G’-gauge invariant 2-forms we intro-
duce the g'-intertwiners

G € Endy(mom,C) and B € Endy (mAm,C) (2.4.6)

from the symmetric, respectively antisymmetric tensor product of m with itself to the
trivial representation. In terms of these intertwiners the Lagrangian (2.4.3) takes the
explicit form

L = "G (P(J,),P(J,)) +€eVB(P(J,),P(J)) . (2.4.7)

The choice of G and B, subject to some reality constraints, parametrizes the moduli
space of the sigma model on G/G’ with a kinetic term and a B-field only. Global left G-
invariance of the Lagrangian (2.4.7) is automatic since Maurer-Cartan forms J,(x) are
left G-invariant by construction. Right G’-gauge invariance, on the other hand, follows
easily from the transformation properties of P(.J,) and the def. (2.4.6) of G and B as
invariant bilinear forms on the g’-module m ® m.

Example 2.4.2. To illustrate how the number of free parameters in a sigma model can
be determined, let G = SU (N) for N > 3 and G' = SU (2), respectively SO (3) if N
is even, respectively odd. We take the fundamental representation of G and the spin [
representation of G':

po: G—End(CY)  p: G —End(CY) (2.4.8)

where [ = % Using these faithfull representations, we can define an embedding of the
group G’ into G and thus a quotient. Denoting the spin k representation of g’ by (k),

19
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we see that the Lie algebra g transforms as ((1) ® (1))/(0) = @2, (k). Since g’ itself
transforms in the spin one representation, we see that

m = (k) . (2.4.9)

It is not hard to see, since for simple modules

LK) [k-3]
(k)o (k)= @Dk —2n)  (k)A(k)= @ 2k—2n-1), (2.4.10)

that m o m contains (N — 2) ¢’ invariants, while the antisymmetric tensor product has
none. Thus, the space G/G’ defines a sigma model with a purely kinetic term that has
N — 2 free parameters. For N = 3, this a symmetric space.

2.4.2 G/GP~ coset superspaces

In the previous subsection we have described the most general action with a kinetic term
and a B-field for the G-invariant sigma model with target space G/G’. The formulation
includes sigma models on symmetric spaces and certain generalizations that appear
in the context of AdS compactifications. In fact, for many cases of interest, the Lie
sub-superalgebra g’ in g consists of elements that are invariant under some finite order
automorphism €2 : g — g. An automorphism of order N defines a decomposition

2mik

N-1
g=gde@Pm ., Qy =1, Qm) =N m (2.4.11)
=1

of the superalgebra g into eigenspaces of (). Extending our previous notation, we denote
by P; the projection maps onto m;. Thanks to the properties of the €2, we find

[mi,mj] C Mitj mod N (m,-,mj) =0 if Z+] 7£ OmodN, (2412)

where we have set mg = g’. Consequently, the subalgebra g’ acts on the Q-eigenspaces
m;. Note that the spaces m; need not be indecomposable under g’ in which case the
decomposition into g’-modules is finer than the decomposition (2.4.11) into eigenspaces
of €.

Whenever a coset superspaces G/G’ is defined by an automorphism  of order N
we shall use the alternative notation G/G%~. The cases when the grading induced by
is compatible with the Z, superalgebra grading, that is my; € gy and mg;_; € g7, were
considered by Kagan and Young in [39]. They restricted to a family of Lagrangians for
which G and B take the following special form

N-1

GLY) = Yo p (P PvY) . BGY) = Y (PO, Py(Y)
. . (2.4.13)

20
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where the p; and ¢; are constants obeying the additional constraints

Pi = PN—i 4% = —qN—i - (2.4.14)

We have a few comments to make. First, the forms of G and B in equation (2.4.13)
do not give rise to the most general Lagrangian for coset superspaces G/G’. As an
example consider the Z, quotient

U(2]2)
UML) xU12)

Since m = [0 @ O0* decomposes into a direct sum of the fundamental of u(1|2) C ¢’ and
of its dual and since the tensor product of [J with [J* contains the trivial representation
of g, the most general sigma model on the space in (2.4.15) will depend on two param-
eters. On the other hand, taking the Ansatz (2.4.14) leads to a one parameter space of
Lagrangians, since the antisymmetric part in (2.4.14) must vanish for symmetric spaces.

Second, the properties of the theory defined by equations (2.4.13) certainly depend
on the precise choice of the parameters p; and ¢; and it was shown in [39,40] that one
loop conformal invariance requires

21 .
pi = 1 g = 1—— fori # 0, (2.4.15)
N
for all even N. We believe, however, that in most cases these conditions are not sufficient
to guarantee the vanishing of the full beta function.

The last comment concerns the treatment of coset superspaces G/G’ in which the
denominator group G’ has a non-trivial centralizer Z C G. For such coset superspaces,
there exists a residual symmetry by right multiplications with elements of Z. In an
equivalent formulation one can make all symmetries of G/G’ to act from the left. For
that we rewrite G/G' = G x Z/G' x Z where the factor Z in the denominator is embedded
diagonally into the numerator.

Example 2.4.3. To make the associated reformulation in our last comment a bit more
explicit, we focus on the sigma model with target space given by a supergroup U.
Without any further thought one might be tempted to describe this model through
G = U and G’ = {e}. But as our introductory comments suggest, we prefer to rewrite
the group manifold U as a coset superspace U = U x U/U and hence to set

G = {(z,y):z,y € U} , G = {(z,x):2 €U} . (2.4.16)

The left and right action of G' on itself is given by componentwise multiplication. The
right coset superspace G/G’ = U is considered as the space of equivalence classes under
the equivalence relation (x,y) ~ (7z,yz), for all z € U. In particular, (zy~!, 1) is the
canonical representative of the equivalence class of (x,y). Hence, the currents J, and
the projection map P : g — m are given by

Jo = (2702, y™ ' 0uy) : P:(v,w) <U ; w’ _— ; w) . (2.4.17)
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If ( , ) is the invariant form on the Lie superalgebra of U and we take G to be given by
G ((v,wy) o (vg,wa)) = (v1,v2) + (w1, ws) (2.4.18)
we obtain the usual principal chiral model for U. In fact, one may easily show that

G(P (L), P(L)n" = 5 (v Guu,u Ou) ™,

N | —

where v = xy~! € U. Thereby we have established the standard geometric results that
allows us to treat the sigma chiral model on U as a G/G’ coset superspace model. The
advantage of the seemingly more complicated coset description will become apparent
later on.

2.4.3 Observables and correlators

Here, we give a description of the observables of non-linear sigma models and of their
correlation functions. Let us denote by G and G’ the space of all continuous maps from
the world-sheet X to the supergroups G and G’, respectively. Obviously, G’ acts on G by
point-wise (on X) right multiplication. Local observables of the G/G’ quotient model
are defined as some well behaved class of maps O : G x ¥ + C invariant under this right
G’ action

Foroo = {0:GxE—C|O(g,z) = O(g-¢',z) forall ¢ € G'} | (2.4.19)

where we have denoted O(g, x) := O(g(z)).
One class of observables is obtained by restricting smooth right G’-invariant functions
f : G +— Ctothe image of an arbitrary map g : ¥ — G. Existence of the 2-point function
for this observable f(g(z)) requires that f € Lo(G/G"). These are the tachyonic fields.
Similarly, all other observables can be obtained from smooth right G’-invariant ten-
sor forms ¢ of rank k£ on GG by restricting them to the image of some arbitrary map
g : X +— G and evaluating them on the set of vector fields 0,,,...,0,,. Existence of

2 Oy, -
correlation functions for the observables t4,(0, 0, ) imposes some further con-

ps e Opy,
straints. As an example, let us consider the Maurer-Cartan forms J, we have intro-
duced in equation (2.4.4). Their components do not give rise to observables of the
quotient model because there are not right G'-gauge invariant. Nevertheless, recalling
their behavior (2.4.5) under right G’-gauge transformations, one can build the following

observables
N-1

Ju =9 Z(pm‘“’—qie‘”)Pi(Jy) g € Foer (2.4.20)
i=1

These are the Noether currents for the global symmetry G of the G/G’ sigma model,
if the Lagrangian is of the form (2.4.13). The equations of motion imply that they are
conserved, i.e. 9,7" = 0.
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In the following we shall denote by O(z) the restriction of the local observable O to
the point = of the world-sheet. Given any set O; € Fg/q of such local observables we
define their unnormalized correlation functions through

N

<H(9,-(xi)> - / [duc] e T Os=i) |- (2.4.21)
i=1 a9

i=1

Here, § = fz d*z L is the action corresponding to the Lagrangian (2.4.7) of our model.
Our definition of correlation functions involves an integration over elements of G with
some left G-invariant measure

[duc(9)] = [ [ dnala(@)) , (2.4.22)

TEX

where due is the unique (up to normalization) Haar measure on G. In eq. (2.4.21), the
integration over GG at every point of the worldsheet yields a factor which is the volume
of G’. Strictly speaking, this makes sense only if G’ is compact. We assume that the
contribution of such factors can be properly regularized and renormalized by replacing
the worldsheet ¥ with a lattice, as in figure 2.6, and shall not dwell on such aspects.

Figure 2.6: A lattice regularization of the world sheet ¥. At each point z € L we place
a copy of Ly(G/G").

The reader might be curious about why we insist on integrating over maps G from
the worldsheet to the group G rather then maps from the worldsheet to the quotient
G/G'. In other words, why we do not fix the right G’-gauge invariance? As we shall
see, keeping this symmetry explicit in the quantum theory simplifies the cohomology
calculations on tensor fields.

2.5 Conformal field theory

In this section, we state the most important properties of two dimensional quantum
conformal theories in the bulk and in the boundary case. It is unfortunately out of the
scope of this work to present a self-contained introduction to conformal field theory.
Whatever formulae we may present are shown only so as to establish our conventions
and we refer to the review articles [41] and mostly to [42] for the rest.
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2.5.1 Conformal transformations

If M is a d dimensional manifold with g as metric, then the conformal group C(M, g)
is made out of the diffeomorphisms ¢ : M — M, that leave shapes unchanged, but are
allowed to modify lengths by a scale factor =:

8$a 8x5 |
"= o) = (@) = 2225 Lz . 5.
x— 1 = p(x) Guw — g () &L’L o Jap(x) ()9 () (2.5.1)

If we specialize to the case M = R?% and G = Nuw, the diagonal metric of signature
(p,d — p), we can ask ourselves which infinitesimal maps x — x + € satisfy (2.5.1) to
first order in €. The resulting equation is

2
d
As explained in [41], the solutions of this equation can be integrated to global transfor-

mations of R?, leading to the following set of conformal mappings independently of the
dimension:

€y + 0vey = = (0a€”) Ny - (2.5.2)

e Translations
T+ +a,a€R? ==1 (2.5.3)

e Rotations

z+— R-z, R €SO (p,d-p) ==1 (2.5.4)
e Dilatations
z s Az, A£0 E:K15 (2.5.5)
e Special conformal transformations
T _ oo bef b€ R E=(1+2b-a+ |b]*z]*)? (2.5.6)
1—0b-z+ [b*

. . . - (d+2)(d+1)
These global transformations build the group SO (p+1, d-p+1) of dimension =5~

In two dimensions and for an Euclidean metric, we see that (2.5.1) reduces to the
Cauchy-Riemann equations, so that locally all holomorphic or antiholomorphic map-
ping of the complex plane are angle preserving, as illustrated in figure 2.7. The number
of globally conformal mappings remains however the same. Infinitesimally, conformal
maps in C can be seen as shifts of the coordinates z, respectively z by small holomorphic
€(z), respectively antiholomorphic €(zZ) functions. A basis for these infinitesimal trans-

formations is obtained by taking €(z) = —ez"™! €(z) = —&z""!, where n is an integer
and e, £ are vanishingly small. The generators of these maps can then be written as
l,=—2""0 1,=-2""0, (2.5.7)

of which in particular {_1,ly,l; and [_q, 1o, {; generate the global transformations. One
easily sees that the generators obey the commutation relations

U s U] = (M —n)lpsn [[m, Zn} = (m — n)lpin [lm, Zn} =0. (2.5.8)
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Figure 2.7: The transformation of an orthogonal grid under the conformal map z — 22

These relations define the Witt algebra. Classical conformal field theories in two dimen-
sions have to be invariant under the action of the generators in equation (2.5.7), however
this symmetry is in most cases completely destroyed by quantum anomalies. In those
few fortunate situations in which conformal invariance survives, the algebra (2.5.8) has
to be extended by the addition of a central element ¢ called the central charge. We will
have more to say about that in the next section.

2.5.2 The energy-momentum tensor

We require that the theories that we work with be provided with a conserved symmetric
energy-momentum tensor 7). The tensor can be derived from the space-time trans-
formations invariance of the Lagrangian of the model by using the standard Noether
method for conserved currents. Dilatation invariance of the theory forces the current
d" = T¥,z" to be conserved, which implies that 7" is traceless, i.e. T# = 0. Passing
to complex coordinates in two dimensions and using the symmetry and tracelessness
of the energy momentum tensor leads to the following analytic requirements for its
components:

or=0 0r=0, (2.5.9)
where we have set
1 — 1
T = Tzz = Z (TOO — 2’éT10 — Tll) T= Tg* = Z (TO() + 2’éT10 — Tll) . (2510)
In complex coordinates, tracelessness is equivalent to the vanishing of the T.; = iT”H

component.

Quantization of a two dimensional field theory that is classically conformal will in
general break the invariance outright. Even in those situations in which the quantum
theory is conformally invariant, the Witt algebra has to be modified. To be more precise,
if we expand the stress-energy tensor in modes as

T(z)=Y L,z "% T(2)=)Y Lyz"?, (2.5.11)
neZ nel

then the classical dynamics of the conformally invariant theory will force the modes
to obey the Witt algebra relations (2.5.8) with the commutators replaced by Poisson
brackets. One then naively expects the quantum analogues of the modes to be operators
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that obey the Witt algebra with the Poisson brackets replaced by commutators. It turns
out however that, since the symmetry algebra admits a non-trivial central extension, that
in most cases the commutation relations will be slightly modified:

(L, Lyl = (m —n)Lyen + %m(mz — 1)
[Lons Ln] = (m—n)Lpn + %m(mz — )6 (2.5.12)
Ly, L,] = 0.

Here ¢ € R is the central charge, or conformal anomaly, of the theory. We thus have
two commuting copies, spanned respectively by of the L, or L,, of the Virasoro algebra
with central charge c¢. While for our applications the central charge shall not play
much of a role, it is important to note that for theories that require two dimensional
reparametrization invariance, such as string theory, the number ¢ has to be made to
vanish by the addition of some extra sectors, for otherwise severe quantum anomalies
appear.

Definition 2.5.1. The action of Ly and L, on the space of states of the physical theory
cannot always be diagonalized, but their eigenvalues h, h are nevertheless an useful
concept and are referred to as the conformal weights, or conformal dimensions, of the
states. In the absence of boundaries on the worldsheet, the energy of a state is given by
the sum h + h and its spin by the difference h — h.

2.5.3 WZW and GN Models

In this section, we shall present two very important examples of 2d quantum conformal
field theories, namely the Wess-Zumino-Witten models and the Gross-Neveu models.
Both share the characteristic of having at least some Lie supergroup symmetry.

Let g : ¥ — G be a map from a worldsheet into a given supergroup, whose super-
algebra is g with a metric (-,-). We have to extend the map g to a G-valued map on a
three dimensional manifold B whose boundary is ¥, that is 9B = X. For a given basis

{TA}ZTIQ of the Lie superalgebra, we define as before

AP = (T4, TP)  fAPC = (T4, TP, T°) (2.5.13)

which are respectively graded symmetric and graded antisymmetric. The left invariant
currents are written as

JS = (g7'0% ., T") kg , (2.5.14)
so that we can decompose g~19%g = J$T#. The nonlinear sigma model on the group G
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is then defined as

1
S, = —=Skin + ESwz with
72
Siin = —4i/dz/\d2 (g_lﬁg,g_lég) :—L/dz/\dEFLABJAJB
™ J% 4 P
— i -1 -1 -1 _ i 3 ABC 710 78 17V
Swz i B(g dg, [¢7'dg, g "dg]) T Bd T oy [P0 TSTRIL

(2.5.15)
where €, is the three dimensional antisymmetric tensor with €93 = 1.

Definition 2.5.2. The sigma model on the supergroup G defined via S, of (2.5.15) is
called a principal chiral model, respectively a Wess-Zumino- Witten model if the cou-
plings constants obey k = 0, respectively k& = % For WZW theories, the constant k is
called the level.

We have a few remarks to make:

e [f the bosonic base of GG is a compact semisimple group, then we must require that

the constant k be an integer, for otherwise the path integral would not be properly
defined.

e For bosonic groups that are not abelian, quantum conformal invariance of the
model requires that one takes the model at the Wess-Zumino-Witten point, that is
with # = k. This requirement is however waived for the supergroups PSU (N|N)
and OSP (25+2|2S), who thus have for each value of the level a one parameter
family of conformal theories parametrized by f. One can consider these models
as special deformations of WZW models, as described in [34,43].

e The sigma model of (2.5.15) has a left-right g symmetry algebra, which becomes
enhanced to a g @ g affine algebra at level k at the Wess-Zumino-Witten point.

Let us now turn to a very different theory, namely the osp (m|2n) Gross-Neveu model
for m free real fermions and n pairs of bosonic ghosts. The free part of the action is
determined through

1 m B B B n B B
S = —/d2 iO; + Oy + 2 207a + B.07.) | - 2.5.16

e = 3 )L z;(w Vit $i0) + ;(ﬂ Yo+ FadTa) (2.5.16)

This action defines a conformal field theory with central charge ¢ = m_TQ" and both
left and right osp(m|2n) current symmetry at level & = 1. The conformal dimension
of the fundamental fields (v, Ba, V) is h = % and they transform in the fundamental
representation of the left horizontal osp (m|2n) algebra. The interaction term for this

theory is
2 m B n ~ 2
S = 57 /2 d*z [Z Yithi + Y (YaBa — ma)] . (2.5.17)
=1 a=1
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The interaction breaks the affine left-right 6sp(m|2n) symmetry to a single osp (m/|2n).
An alternative way of understanding this model, is to think of the free part of the theory
as a free field representation of the Wess-Zumino-Witten model of OSP (m|2n) at level
one and of the interacting model as being a current-current perturbation thereof. For
the special case of m = 2 and n = 0, the model is better known under the name of
massless Thirring model.

2.5.4 Boundary Perturbation Theory

So far, we have only discussed the cases in which the two dimensional world sheet ¥ has
no boundaries. In the presence of boundaries, suitable conditions have to be set for the
fundamental fields of the theory, for otherwise conformal invariance will be irredeemably
broken. If we assume for the sake of simplicity that the world sheet is the upper half H
of the complex plane, then we require that

T(z) =T (2) for z =72 . (2.5.18)

Finding out all boundary conditions that are compatible with this requirement is a
daunting task in general. Here, we will only concern ourselves with those boundary
conditions that preserve the whole algebra W of chiral, i.e. holomorphic or anti-
holomorphic, fields. Thus, we require that there be an automorphism w of W such
that at the boundary

W(z) = w(W)(2) for W,W € Wand z = % . (2.5.19)

This implies in particular that w(7) = T on the boundary. Relation (2.5.19) tells us

that in the boundary theory the correlators of w(W) are those of W if we continue them
analytically in the lower half plane, see [44].

In the second part of chapter 4, we will deform the OSP (25+2|2S) Wess-Zumino-
Witten models at level one by a current-current perturbation. Under the deformation,
conformal invariance will be preserved but the conformal dimensions of boundary fields
will change. It was shown in [34] that one can use the supergroup symmetry to sum up
the perturbative expansion of the conformal dimensions to all orders. In what follows,
we will give a brief sketch of the arguments.

We want to consider the Wess-Zumino-Witten models on the special supergroups
PSU (N|N) or OSP (25+2|2S). These supergroups have the property that their Killing
form vanishes, which from (2.1.10) implies that all double contractions of the structure
constants must be zero, so that in particular all invariants that can be built out of the
structure constants alone vanish as well. Using the pictorial representation introduced
in figure 2.1, this means for example, that the invariants represented in figure 2.8 are
Zero.

This property is actually more general, for these groups do not posses non-zero
invariants that result from a contraction involving at least one structure constant f45¢.
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Figure 2.8: A few examples of vanishing invariants built out of the structure constants.

Therefore, all invariants of the type that contract the structure constants with some
3-tensor ¢, must vanish, i.e.

dim(g)

> fMC%upe=0 Vit (2.5.20)
A,B,C=1

Remembering that the current-current operator product expansions in WZW theories
are
fABCJC(w) ]{,‘KAB
Z—w (z —w)?’

JA(2)JP (w) (2.5.21)

we see that the vanishing of the Killing form will be of great use if we have to contract
many currents with each other.

The theories we are interested in are not the WZW models per se. We wish to
perturb them by adding the current-current operator

Sint = g/ dzdzV(z, z) == g/ dzdz k5 JA(2) T8 (w) . (2.5.22)
H H

The correlation functions of boundary operators ¢; = ¢;(x;) in the deformed theory are
given by the expression:

<¢1"'¢N>g,L,e = %Z(_ngl)n /n

withZ = ) _j) / d"zd"Z<H\If(Za,5a)>, (2.5.23)

where we have introduced an infrared regulator L as well as an ultraviolet one € in the
integration domain:

Hy  ={(21,. .., 20) 1 Im(20) > €20 — 2| > €, ]|2a] <L} . (2.5.24)

The correlation functions on the right hand side of (2.5.23) are to be computed in the
undeformed WZW model. When computing ( ¢1 -+~ ¢n ) ., we can ignore terms on the
right hand side of (2.5.23) that contain loops of contracted currents, that is for which
there exist a subset of the z, so that all fields depending on 2, and z} are contracted

only among themselves. These infrared divergent contributions are cancelled when we
divide by Z.
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We want to concentrate on two point functions for the fields ¢y, ¢y, where U, V
indicate the representation they transform in. As we shall argue in sectin 3.3.4, the
perturbation (2.5.22) does not break conformal invariance, so that we expect

(du(®)ov(y)), = = ;)Lgu((g))wv(g) : (2.5.25)

where Jyy is an intertwiner from the tensor product U ® V to the trivial representation
and the D; are the restrictions of the Ly mode. Here, the D; need not be diagonalizable.
Their general form is D;(g) = h;(g)1 4 0(g), where h; is the conformal dimension and §
is a nilpotent operator that vanishes for theories in which Ly can be diagonalized.

It was argued in [34], that in order to obtain the h;(g), one does not need to compute
the full two point correlation function. In fact, the vanishing of any double contraction
of the structure constants among themselves implies that in the computation of (2.5.25)
using (2.5.23), one can drop the term proportional to f45, from (2.5.21). Thus we
are left with a perturbation series that is abelian, hence the name of quasi-abelian
deformations for these models. We quote the final result of [34] for the change in the
conformal dimensions of the fields in the representation U

hu(g) — hu(0) = —ﬁ Cas(U) |, (2.5.26)

where Cas(U) is the value of the eigenvalues of the quadratic Casimir in the representa-
tion U. We shall make great use of this formula in chapter 4.
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Chapter 3

Cohomological Reduction

In this chapter we present a method for the computation of certain correlation functions
in non-linear sigma models with target space supersymmetry. We take our inspiration
partially from the study of conformal field theories with A" = (2,2) world-sheet super-
symmetry. For such models, a very conventional trick that one exploits through the
so-called topological twists, is to identify special subsectors whose dependence on the
couplings can be brought under control. The idea is to employ a fermionic world-sheet
symmetry generator as a BRST operator and to select its cohomology as the relevant
subsector. If the action of the model is trivial in the cohomology, then the correlation
functions of subsector operators do not depend on the coupling constants of the theory.
Such correlators can then be calculated in the classical limit, as described for example
in [45]. Most of the contents of this chapter were published in the article [46], which
was a collaboration with C. Candu, T. Creutzig and V. Schomerus.

The models we are interested in possess target space rather than world-sheet su-
persymmetry. A natural idea then is to promote an internal nilpotent symmetry to a
BRST operator. In following this lead, we shall uncover a rather remarkable structure.
Suppose we are starting with a sigma model on the quotient G/G’, defined as the set
of right G’ cosets in G, with G’ being some sub-supergroup of G. Let then ) be some
fermionic generator in the superalgebra g’ C g such that Q% = 0 and note that such a
@ is a symmetry of the G/G’ sigma model. Through its cohomology, @) determines a
subsector, which, quite remarkably, turns out to form the state space of another sigma
model, one that is defined on the coset superspace H/H’ with a new pair of supergroups
H' C H. The target space H/H' has smaller dimension than G/G" and the symmetry
algebra b of the reduced theory is contained in the symmetry algebra g. In many cases,
further reduction is possible until the procedure terminates because the remaining sym-
metry algebra does not contain any further nilpotent generators. Thereby, we obtain
a chain of models {M,} ., which is parametrized by elements a of some partially or-
dered set A. The model M, is a subsector of Mg, i.e. M, C Mp, whenever a < (3.
Let us give just one example here. It is provided by the following family of symmetric
superspaces

U/U2 ~ U (R‘FOQ ‘Ozl)

Miaran5) = G0 1027 % U (- [R-Staras) (3:0-1)
where R, S, R — S and aq, as, 1 — ap are all taken to be non-negative integers. The
family (3.0.1) includes the complex projective spaces CPR+e—t for § =1 and ay = 0.

One of our goals is to find candidate target spaces for conformally invariant sigma

models. A necessary condition for a theory to be conformal is that all of its subsectors
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form conformally invariant theories as well. As it was argued for instance in [17], van-
ishing of the one loop beta function requires that R = 0, so that the only candidates for
conformal quotients in (3.0.1) are to be found in the families M, (0,.S). The smallest
subsector in these families is obtained for a; = S and as = 0, so that it takes the simple
form U (S|S) /U(S) x U(S). For S = 1, this subsector is the theory of free symplectic
fermions, but in all other cases it is a massive theory. Hence the only candidates for
conformal quotients one can find within the list (3.0.1) are of the form
U (aon)

V= MUY 0,1) = 3.0.2
(o ,22) one (1) U (1+as|as) x U (a-as|o-as-1) (30.2)

with @ > as > 0. Later we shall argue that the converse is also true: symmetric
superspaces that possess a non-trivial conformal subsector with central charge ¢ # 0
are actually conformal. Since the theory of free symplectic fermions has central charge
¢ = —2, all the models in the list (3.0.2) give rise to conformal sigma models. The list
includes the complex projective superspaces CP“~ 1 for which conformal invariance
has been established before (see e.g. [16,47]). We shall extend this discussion to arbitrary
compact symmetric superspaces in subsection 3.3.2, allowing us to, within this class,
recover the complete classification of conformal models from [48].

But our approach is more general, for it also applies to all coset superspaces G /G’
without any additional assumption on the denominator subgroup G'. In subsection 3.3.3
we look at examples for which G’ is fixed under the action of some automorphism of
order four, which we denote as G/G%+. Such generalized symmetric spaces have become
popular through the investigation of strings in Anti de Sitter backgrounds. While we
are not aiming at an exhaustive investigation of quotients within this class, we shall
exhibit a few interesting examples, including the family

MU/OSP2(S) ~ PSU (204 |2a1)

(a1,02) OSP (2(S+a2)|2a2) x OSP (2(0&1—0&2”2(0&1-0&2-5))
with some obvious restrictions on the choice of o; and S such that all supergroups are
well-defined. Note that, provided the «; are large enough, the parameter S may now
assume any integer value, meaning that it can also be negative. The minimal non-trivial
subsector of these theories depends significantly on the parameter S. It is given by

PSU (2529)

(3.0.3)

PSU/OSP? ~ ‘ 04
R (9) S0(28) x SO(35) or S >0, (3.0.4)
RPSU/OSP*((0) = symplectic fermions for S =0, (3.0.5)
RPSU/OSP? (g o PSU (-25]-25) for S <0 . (3.0.6)

SP(-2S) x SP(-2S)
These are not conformal for S # 0 and reduce to a free theory for S = 0. The smallest
interacting theory for S = 0 is obtained for a; = 1, ap = 0 and is the complex projective
superspace
PSU (2]2)

~ 1]2
08P 2[2) ~ Cp'P? | (3.0.7)
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For higher values of a; however, the superspaces are not of the complex projective
type. It would be interesting to understand whether the family (3.0.3) with S = 0 is
conformally invariant, but we have little to say about this issue for now.

The series (3.0.3) contains a few other interesting minimal subsectors. In fact, for
the S = 1, the minimal subsector is given in equation (3.0.4). After an appropriate
change in the choice of reality conditions, we obtain the coset geometry for AdS; x S?
as defined in [49]. Similarly, if we set S = —2 and perform again the appropriate change
of the real form, we find the quotient that appears in the description of AdSs x S°.
Throughout most of this text, we shall consider sigma models without Wess-Zumino
terms, mostly in order not to clutter the presentation too much. We shall comment on
the possible inclusion of Wess-Zumino terms and the application to other 2-dimensional
field theories in the concluding section.

We finish this introduction with a short guide for the subsequent sections. Subsec-
tions 3.1.2 to 3.1.6 present the main mathematical tools at our disposal. Since these
parts are a bit technical, we included a non-technical summary in subsection 3.1.1, so
that the impatient reader may, at least upon first reading, skip subsections 3.1.2 to 3.1.6.
The mathematical background from section 3.1 is then used in section 3.2 to prove the
main results of this chapter. In section 3.3, we shall illustrate how the cohomological
reduction works for symmetric superspaces. Once this is understood, we venture into
generalized symmetric spaces. Our conclusion contains a few more comments on possible
applications to more types of models and to AdS backgrounds in string theory.

3.1 Reduction in representation theory

The following section contains most of the mathematical results we shall need below.
Since several of our statements seem to be new, we decided to present and prove them
in a rather mathematical style. For pedagogical reasons, however, we shall begin with a
short overview of the most relevant notations and results. This should enable impatient
readers to skip over subsections 3.1.2 — 3.1.6, at least upon first reading.

3.1.1 Overview over results

We assume g to be a Lie superalgebra with a non-degenerate symmetric bilinear form
(, ). Let us pick some fermionic element () € g that squares to zero, i.e.

Q,Q] =2Q° =0. (3.1.1)

Such elements exist for most Lie superalgebras of interest, with the exception of the series
osp (1|2N). The element @) defines a decomposition of g into three Lie sub-superalgebras

bef,
g = hdedf such that

e = Imgg and hDe=Kergg .
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Under our assumptions, the bilinear form ( , ) restricts to a non-degenerate form on
h C g, while the Lie sub-superalgebras ¢ and f, are isotropic, i.e. (¢e,e) = 0 = (f, ).
Furthermore, we note that ¢ and f both carry an action of the Lie superalgebra b,
meaning that they are h-modules.

In subsection 3.1.2, we shall compute the Lie superalgebra h for various choices of g
and any @) € g, with the following results:

h(gl(MN)) = gl(M —rq|N —rq) , (3.1.2)
h(sl(M|N)) = sl(M —rg|N —rg) , (3.1.3)
h(osp (R|2N)) = osp (R —2rg|2N —2rq) . (3.1.4)

The answer depends on () only through an integer rank (Q)) = rqo > 1 that will be
defined in subsection 3.1.2. In all three cases we listed above, there exist elements ()
with minimal rank rg = 1.

The element () acts in any representation V of g and defines the following cohomology
classes

HQ(V) = KerQV/ImQV .

The linear space Hg (V) comes equipped with an action of the Lie sub-superalgebra ) C g.
It is not difficult to see! that V — Hg(V) is functorial, i.e. it is consistent with forming
tensor products, direct sums and conjugation in the category of h-representations.

Though Hg(V) is zero for many V, it can certainly lead to non-trivial representa-
tions. Note, for example, that the cohomology of the adjoint g-module V = g is given
by Ho(g) = b. Furthermore, in the case of finite dimensional representations, one may
actually show that V and Hg(V) possess the same super-dimension. Hence, all repre-
sentations V with non-vanishing super-dimension sdimV = dim Vg - dim Vi must give
rise to Ho(V) # 0. The condition sdim V # 0 is often satisfied for short multiplets®. For
long, that is typical, irreducible multiplets V, on the other hand, the cohomology Hg (V)
is always trivial. More generally, we will see that Hp(V) = 0 for all finite dimensional
projective covers.

Let us now consider a Lie superalgebra g along with a subalgebra g’ C g and denote
the corresponding Lie supergroups by G and G’, respectively. As before, we want to
pick some fermionic element Q € g with Q% = 0. Let us now assume that @ is contained
in the subalgebra g’ C g so that its cohomology defines two Lie sub-superalgebras b C g
and §’ C g with §’ C b, whose associated Lie supergroups we denote by H and H’,
respectively. Note that the space of functions on the coset superspace G /G’ carries an
action of g and that, the element () acts on it and gives rise to some cohomology. One of
our central claims is that the cohomology of a given geometric object defined on the coset
superspace G/G', whether smooth function, tensor form or square integrable function,
is equivalent to a similar object defined on H/H’. This gives rise to isomorphisms of

1See subsection 3.1.3
2 Also known as atypical irreducible representations
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the type
Ho(L2(G/G')) = Ly(H/H') (3.1.5)

meaning that the cohomology of @) in the space of square integrable functions on G/G’
may be interpreted as a space of square integrable functions on the coset superspace
H/H'. We note that Ly(H/H') carries an action of the Lie superalgebra h = Hg(g) C g,
so that relation (3.1.5) is an isomorphism of f modules.

The derivation of equation (3.1.5) is a bit involved and one must wait for subsection
3.1.6 to get a full-fledged proof. Thus, we shall content ourselves with some more
qualitative arguments here. By its very construction, the space Ho(Lo(G/G')) is a
commutative algebra and hence it can be considered as an algebra of functions on some
space X, that is acted upon by the supergroup H with Lie superalgebra Hg(g) = b.
Since the action of G on G/G’ is transitive, it suffices to understand the reduction from
G /G’ to X locally, near the image eG’ € G/G’ of the group unit e € G. The tangent
space at this point of the coset supermanifold is given by g/¢g’ = m and its cohomology
is

Ho(m) = Ho(a/g) = Hole)/Halg') = b/b", (3.1.6)

meaning that the tangent vectors to the reduced space X lie in h/h’. Thereby we
conclude that X = H/H'. Now, let ( , )g/e be the G-invariant scalar product of
Ly(G/G"). 1t is very easy to see that ( , )g/e has a non-trivial representative in the
cohomology of @, so that the space Ho(L2(G/G’)) of functions inherits an Lo structure
from L,(G/G’). We shall denote it by ( , )p/p. Its H-invariance follows immediately
from the G-invariance of { , )g/e and the inclusion b C Kergg. General results on
measure theory [50] then imply that the scalar product ( , )p/p arises from a measure
on H/H', which is unique up to a normalization factor by H-invariance. Hence, we have
established equation. (3.1.5).

Example 3.1.1. Let us discuss the Lie superalgebra g = gl (2]2) that will be of great
importance in chapter 5. For () we pick the supermatrix that contains a single entry in
the upper right corner. It is then easy to check that

ain aiz | bin bio ay; aiz | bir bio

_ agg | bar b o 0 0] 0 by
Kerog = e > 0 cip|dn diz | mog = ¢ 3 0 0] 0 dpo
0 0|0 ay 0 00 an

Consequently, Hg(g) = bh = gl(1|1) consists of all those supermatrices in which ag, ba1, ¢12
and dq; are the only non-zero entries. Let us furthermore specify the Lie sub-superalgebra
g’ to consist of all elements in g with vanishing entries by; = by; = dis = doy = ¢11 =
c12 = 0. Hence, g’ = gl (2]1) @ gl (1). The cohomology Hg(g') = ' =gl (1) @ gl(1) of ¢
can be read off easily.

In our example, the quotient G/G" is the complex projective superspace CP'?, which
can vaguely be thought of as the product of S? with the space spanned by four Grass-
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mann generators. The space of functions thereon may be decomposed into finite dimen-
sional representations gl (2|2) as follows

Ly(CP'?) = B t(kk) .
k=1
The modules t(k, k) are defined as the tensor product of the k-fold symmetric tensor
product of the fundamental module with the k-fold symmetric tensor product of the
dual fundamental module, where for £ > 2 we need to remove all contractions between
the covariant and contravariant indices. Their dimension is 16(2k — 1). One can un-
derstand them as being generated from the spherical harmonics on the bosonic 2-sphere
by application of four fermionic generators. For k # 1, the modules ¢(k, k) turn out to
be projective, so for them we get Ho(t(k,k)) = 0. The only non-vanishing cohomol-
ogy comes from the 16-dimensional module #(1,1), which is built from three atypical
irreducibles®, namely two copies of the trivial representation and one 14-dimensional
module that can be identified with adjoint representation of psl(2]2). Each of these
pieces contributes to cohomology, with the final result being a four dimensional coho-
mology
Ho(L2(G/G") = Ho(Ls(CP'?)) = Ho([0,0])) = R*? .

To me more precise, we note that the linear space R?? carries the 4-dimensional projec-
tive cover of gl (1|1). According to our general statement, the cohomology should agree
with the space of functions on the quotient H/H' = GL (1]1) /GL (1) x GL(1). The
quotient possesses two fermionic coordinates and hence gives rise to a 4-dimensional
algebra of functions over it,

Ly(H/H') = R¥2
It indeed agrees with the cohomology in the space of functions over CP'?, as it was

claimed in equation (3.1.5).

3.1.2 Reduction of Lie superalgebras

After this lengthy introduction, we are ready to delve full speed into the heart of the
matter. As in the previous subsection, let g stand for a Lie superalgebra and let () be
a fermionic element of g whose bracket with itself vanishes, that is [Q, Q] = 2Q* = 0.

Lemma 3.1.1. The element ) € g gives rise to a linear map @) : g — g, defined by
Q(X) = [Q, X] for all X € g. One can show that

1) the subspaces Kerg g and Img g are subalgebras of g,
2) the subalgebra Img g is an ideal of Kerg g,

3) the quotient space Hg(g) is a Lie superalgebra.

3See appendix D for more details.
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All these assertions are easily established using nothing more that that the graded
Jacobi identity of (2.1.3). The Lie bracket on the quotient space Hg(g) is induced from
the Lie bracket of g through

[z 4+ 1Imgg,y+1Imgg] = [z,y] +Imgg, z,y € Kergg . (3.1.7)

We shall often refer to the space Hg(g) as the cohomological reduction of the Lie su-
peralgebra g with respect to ). In discussing concrete examples, we shall restrict to
the superalgebras presented in section 2.1, namely to osp (m|2n), gl (m|n), sl (m|n) for
n # m or psl(n|n). All these Lie superalgebras possess a metric ( , ):gxg — C
according to definition (2.1.2) of the previous chapter.

The adjoint action of ) can be represented by a matrix in Jordan normal form by
choosing a basis {h,} U {e;, fi} of g such that

Q,he] = 0 and [Q,fi] = e . (3.1.8)
Using the invariance of the metric, we see that
(ha7€i> =0 3 (ei,ej) = 0. (319)

If follows from the non-degeneracy of the metric that the matrix D;; := (e;, f;) must be
invertible. Thus, defining

W, = ho—Y (ha f;) (D7) e ) (3.1.10)
flo= fi—%Z(f,-,fj) (D) e, (3.1.11)
i,k
we see that
(ho, fi) = 0, (fi.fj) =0 (3.1.12)

To prove the second assertion in equation (3.1.12) we have used the following symmetry
property of the matrix D

Dij = ([Q> fz]>fj) = _(_1)‘fi|(fi>[Q> fj]) = _(_1)‘fi|(fi,€j) = _Djia (3.1.13)

where the last equality in the chain uses the consistency of the metric.

Let us denote by b, e and f the span of hl, e; and f/, respectively. Notice that @
still remains in a Jordan normal form with respect to the new basis hl,, e;, fj’ . From the
equations (3.1.9 and 3.1.12), we deduce the orthogonality conditions

(b,e) = (b,§) = (e;¢) = (1,f) = 0. (3.1.14)

If we use the invariance of the metric once more, it is not hard to derive the following
features of the Lie bracket on g,

[b,b] C b, [h,e] C e, h,1] C f, (3.1.15)
[e,e] C e, [, ] < f, e,f] C g.
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Notice in particular, that both ¢ and f provide some representation for the Lie superal-
gebra h. Furthermore, we observe that g and h possess the same cohomology under @,
that is Ho(g) = Ho(h). Next, let us define the projection map py : g — b through

py(x) = (2, h)(B™H)"hy (3.1.16)

where © € Kerg and B, = (R, h;). Since the kernel of py is exactly e, the map py
is effectively defined on Hg(g). Taking into account equations (3.1.15), we see that py
provides the following algebra isomorphism

h = Ho(e) . (3.1.17)

In the same spirit, one can define the h-module projection homomorphisms p, and py
from g to ¢ and f, respectively,

pe(w) = (2, f)(D")7e; (3.1.18)
() i= & = py(z) = pe() -

These provide us with the following direct sum decomposition of g,

g=hdedf, (3.1.19)

that respects the action of f, meaning that it is an isomorphism of h modules.

As described in section 2.1, the superalgebras we consider are characterized by a
Cartan subalgebra g, and a set of roots A. If pg : g — EndV is the fundamental
representation, then the Cartan subalgebra g, can be represented through diagonal
matrices of EndV, while A is a subset of the root system of the superalgebra gl(V).

Let us now perform the cohomological reduction for the Lie superalgebra g for the
case () is a nilpotent root generator of the root ¢. In particular, this implies that ¢ € Az
is such that 2¢ ¢ Ay. Examining the root decomposition of g

0= 2o e (3.1.20)

a€eA

the superalgebras ¢ and § can be easily evaluated

e= CH,® P g, . (3.1.21)
a—geEA
f=go/Kerqd €P e, (3.1.22)
a+qeA

where for any weight A one denotes by H, the Cartan generator constructed via the
identification
A(H) = (Hy,H) . (3.1.23)
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Therefore, we can write the cohomology of g in the form

Hy(g) := Hq(g) = b = Kerq/CH,® €P s, - (3.1.24)
atq¢A

We can make use of this general result to compute the cohomological reduction of the
superalgebras gl (M|N), sl (M|N) and osp (R|2N), whose root systems, we have listed
in table 2.1.

Let us begin with the superalgebra gl (M|N), for which we let () be a root generator
for ¢ = €, — d5. The requirement « + g ¢ A is satisfied for the following set of roots

€ —€j, € — 0, with 0 —0, 4,5#r kl#s . (3.1.25)

These give rise to the root system of a gl (M — 1| N — 1) subalgebra. As a basis of the
Cartan subalgebra one may choose the Cartan generators H,,, Hs, which are defined
through eq. (3.1.23). Evaluating

Ker(e, — d5)/CH,._s, = Ker(e, —d5) NKer(e, + ;) = Kere, NKerds , (3.1.26)
we deduce with the help of equation (3.1.24) that
He,—s. (gl (M|N)) = gl(M —1|N —1) . (3.1.27)

The cohomological reduction of sl (M|N) is only slightly different. As the roots of
sl(M|N) and gl (M|N) are the same, the analysis of (3.1.25) remains unchanged. The
Cartan algebra of sl (M|N) can be viewed as the subalgebra of the Cartan algebra of
gl (M|N) defined by the kernel of str, where we have introduced the supertrace operator
str:= > €; — Y 0. Therefore, equation (3.1.26) has to be replaced by

Kerstr N Ker(e, — d5)/CH,, 5, = Kerstr N Ker(e, — d5) N Ker(e, + d5)

= Ker(z € — Z o) N Kere,. NKerds ,

i#r k#s

which leads to the Cartan subalgebra of sl (M — 1|N — 1). Therefore we obtain
He, 5.(sl(M|N)) = sl(M —1|N—1) . (3.1.28)

A similar analysis may be performed for the osp type superalgebras. If we choose
q = €, £ 05 then o =+ ¢ is not a root for all a of the following list

+e;, €5, =+ £, o, £, i#£7g, i,5#r, kl#s, (3.1.29)
in the case of osp (2M|2N) and

te;te;, ‘e ke, E£o k6,  i£j, i j#Er, kil#s, (3.1.30)
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in the case of osp (2M + 1|2N). Those in equation (3.1.29) correspond to the root
system of an osp (2M — 2|2N — 2) subalgebra, while the roots in (3.1.30) are associated
with an osp (2M — 1|2N — 2) subalgebra. Again, one may take the Cartan generators
H,,, H;, as a basis of the Cartan subalgebra. The cohomological reduction of the Cartan
subalgebra proceeds exactly as in equation (3.1.26):

Ker(e. £ €.)/CH, 15, = Ker(e, £€,)NKer(e, Fe.) = Ker,, NKerg, | (3.1.31)
Leading us to conclude that
He,+s.(0sp (R|2N)) = osp(R —2|2N —2) , (3.1.32)

for any choice of R. At this point we have determined the cohomology Hg(g) for all
elements () that belong to the Cartan eigenspace g, of an isotropic root g.

From equations (3.1.27, 3.1.28 and 3.1.32), we may infer that, up to isomorphism,
the cohomological reduction of g with respect to ) does not depend on the choice of
the isotropic root ¢. This gives rise to the question:

How can we characterize Qs that give rise to different Lie superalgebras Hy(g)?

In the following we want to prove that the isomorphism class of the cohomological
reduction depends only on the rank of the matriz Q) in the fundamental representation.
To begin with we observe that an automorphism ~ of g induces an automorphism of the
cohomology, i.e.

Holg) = Hyq)(e) - (3.1.33)

The main idea is to use the group of inner automorphisms provided by the even sub-
algebra of g in order to bring a general () with vanishing self-bracket to some simpler
form.

e Consider the Lie superalgebra gl (M|N) first. Let V, V3, and Vy be the fundamen-
tal gl (M|N), gl (M) and gl (M) modules, respectively. To bring ) to some simpler
form, we shall use the following gl (M|N)5 = gl (M) @ gl (N) module isomorphism

gl (M|N); = Vi ®c Vi ® Vy @c Vi, | (3.1.34)

where V* denotes the dual representation. The module isomorphism (3.1.34) is
provided by the invertible linear map

(v ®a)(a) = vala), v@a € Vy ¢ Vy (3.1.35)
ov®a)(u) = 0, u€Vy

pla®@w)(v) = aw(v), a®w e Vy ¢ Vy

pla®w)(b) = 0, beVy .
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We say that @ has rank (k,1) if it can be represented as

k l
eHQ) = D mied+)Y aou, (3.1.36)
i=1 =1

where all v’s, a’s, a’s and w’s are linearly independent among themselves. Clearly
k,l < min(M,N). Let by,...,by denote a basis of Vy; and fi,..., fx be a basis
of V. Denote by b, f* the dual bases. Then, from the definition of the general
linear group, there are elements A’ € GL (M), B’ € GL (N) such that

v, = A'-b, o = B -f i=1,...k. (3.1.37)

Moreover, the group elements A’, B" are not unique, for their action on the remain-
ing basis vectors byi1,...,by and fE1 .. fV is not fixed. Choosing an inner
automorphism 7' = Ad A’~' o Ad B'~! we see that one can bring @ to the simpler
form

k l
P (YQ) = D b f +> aew, (3.1.38)
=1 =1

where a, = B’ - q; and w"* = A'7' - w'. The condition Q? = 0 is equivalent to the
following constraints on the vectors a}, w" in eq. (3.1.38)

fla;) = 0, w"(b) =0,

7

where i = 1,...,l and j = 1,...,k. This implies that the vectors a; lie entirely
in the subspace of Vy spanned by the basis vectors fr.1,..., fn, while the form
W' lies in the subspace of V}, that is spanned by the basis forms b¥+1 ... bM.

Therefore, the linear independence of a}, w" imposes an additional restriction on
the rank (k,1) of @
E+1 < min(M,N) . (3.1.39)

The existence of the group elements A” € GL (M) and B” € GL (N) satisfying
A" b = b, B'-f = f", (3.1.40)
fori=1,...,k and
a, = A" fn., " = B"- 0", (3.1.41)

form=k+1,...;k+landn=k+1,...,k+ [ is ensured by equation (3.1.39).
Defining v = Ad A"~ o Ad B”~! we see that () can be brought into a standard
form which depends only on its rank (k, )

k k+l1
P (Y oNQ) = D bR fi+ > fiob. (3.1.42)
=1 1=k+1
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We can now perform the cohomological reduction of gl (M|N) with respect to the

fermionic generators
k+1
(Zb Rf+ > fi® bl) (3.1.43)

i=k+1
by a lengthy but straightforward calculation, that leads to the following statement

Ho(gl (M|N)) = gl(M —rank (Q)|N — rank (Q)) , (3.1.44)
where the total rank of @ is defined as rank (Q) = k + [ < min (M, N).

The generalization to the superalgebras sl (M|N) is straightforward. The proce-
dure to bring @ to the canonical form (3.1.43) is identical with the one described
in the gl (M|N) case. The cohomological reduction of sl (M|N) with respect to
this canonical form of () may be performed explicitly and leads to the expected

result
Ho(sl(M|N)) = sl(M —rank (Q)|N —rank (Q)) . (3.1.45)

Finally, let us also deal with the Lie superalgebras osp (R|2N), where R = 2M or
R = 2M + 1. Denote by V, Vi and Vyy the fundamental osp (R|2N), so (R) and
sp (2N) modules, respectively. Furthermore, let ( , ) be the symmetric invariant
scalar product in Vg and ( ; ) be the antisymmetric invariant scalar product in

Von. For R = 2M we shall consider a basis by,...,boy such that the matrix
elements of the scalar product S;; = (b;, b;) take the form
0 1
S = (MXM MXM) , (3.1.46)
Lvxar Onxm

while for R = 2M + 1 we shall consider a basis by, . .., bsps1 such that the matrix
elements of the scalar product S;; = (b;, b;) take the form

Omrxar Iarxnr Oarxa

S = | luxm Omrsar Omrxr |- (3.1.47)
O1xar Orxns 1
We also consider a basis fi,..., foy such that the matrix elements of the scalar
product A;; = (fi, f;) take the form
0 -1
A= ( e NXN) . (3.1.48)
Inxny  Onxn

With respect to the decomposition V = Vi & Vay, the invariant scalar product in
Vis G := 5o A.

To bring @ into some simpler form, we shall use the following osp (R|2N); =
so (R) @ sp (2N) module isomorphism

OSp (R|2N)i = VR R V2N s (3149)
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which is provided by the invertible linear map
X(s®a)(b) = s{a,b), s®a € Vg ®c Van (3.1.50)
X(s®a)(t) = a(s,t), t € Vg, b€ Vaoy .

We say that ) has rank k if it can be represented as

k
Q) =) siwa, (3.1.51)
i=1

where the s’s and a’s are linearly independent among themselves, subjecting @) to
the condition k& < min(R,2N). The requirement that @ be nilpotent, i.e. Q* =0,
can be worked out from equations (3.1.50) to be equivalent to the following set of
constraints on the vectors s;, a;

(Si,8j> = 0, <ai,aj) = 0, (3152)

for i, = 1,...,k. These conditions are compatible with the linear independence
of the s; and a; if and only if

k< M, k<N. (3.1.53)

This restriction on the rank k allows us to define some linearly independent
vectors Sgi1,..,Sg and @41, ...,asy such that the matrix elements (s;,s;), for
i,j=1,...,Rand (a;,q;), fori,j =1,... 2N take the form in equations (3.1.46),
(3.1.47)) and in equation (3.1.48), respectively. Therefore, from the definition of

the SO (R) and SP (2N) groups, there exist elements A € SO (R) and B € SP (2N)
such that
S; — Abz, a; = B - fj s (3154)

fori =1,...,Rand j = 1,...,2N. We see that ) can be brought to a simple
standard form depending only on its rank k

X ((Q) = Zb@ﬁ (3.1.55)

by acting with the inner automorphism v = Ad A~ o Ad B~'. We perform the
cohomological reduction of osp (R|2N) with respect to the fermionic generators

k
X <Z b ® ﬂ) (3.1.56)
i=1
by an explicit calculation. Thereby, we end up with the following statement

Ho(osp (R|2N)) = osp (R — 2rank (Q)|2N — 2rank (Q))) , (3.1.57)
where rank (Q) = k < min ([R/2], N).
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3.1.3 Reduction of modules

Let g be one of the superalgebras considered in section 3.1.2 and @) be an odd element of
g with vanishing self-bracket. As we have shown in section 3.1.2, there is a subalgebra
h C g such that the following isomorphism holds: Hg(g) = b.

We notice that there is a h-stable filtration of modules

V. O KergV D ImgV. (3.1.58)

The above holds since V is a h-submodule by restriction, while KergV and ImgV are
h-submodules because h C Kerg g. Finally, Kerg V D Img V follows from Q2 = 0.

The existence of the h-stable filtration (3.1.58) means that Ho(V) is generally a quo-
tient of a submodule of the restriction of V to . However, if V is self-dual, meaning that
V has an invariant non-degenerate scalar product, then one can repeat the steps (3.1.8
—3.1.14, 3.1.18 — 3.1.19) and prove a similar h-module direct sum decomposition for V

V=2 WeEaF, (3.1.59)

where W = Hg(V) and E = Img V. We list some of the properties of the subquotients
Hg(V) that will prove useful for the following.

Lemma 3.1.2. Let U and V be g modules. Then the following h-module isomorphisms
hold

a) Ho(Ua V) = Hq(U) @ Ho(V)
b) Ho(V") = Ho(V)*
c) Ho(U® V) = Hp(U) ®@ Ho(V), if U, V are finite dimensional.

Proof. a) The direct sum of the modules U and V means that there are orthogonal
idempotents iy and iy such that they commute with the action of g and iyU = U,
ivV = V. One thus has

iyKerg(Ua V) = Kerg(iyU® iyV) = KergU
iylmg(Ua V) = Img(iygU @ iyV) = ImgU

and therefore iy Ho(U® V) = Hg(U). Similarly, iy Ho(U® V) = Hg(V), which completes
the proof of a).
b) The elements of Hg (V*) are equivalence classes 7(p) = p+Q-V* of forms p € Kerg V*,
that is 7(p) is the equivalence class of forms that have the same restriction on Kerg V as
. Therefore the projection map 7 is actually the restriction to Kerg V. Moreover, the
condition that pu € Kerg V* is equivalent to the requirement that p vanishes on ImgV,
that is Kerg V* = (V/Img V)*. These two observation lead to b)

Ho(V*) = m(KergV*) = KergV* = (V/ImgV

)|
Kerg V Kerg V

= (KerQV/ImQV)* = HQ(V)*
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c¢) There exist bases hj,, €}, f/ of U and hy, e}, f7 of V that bring the action of Q to a
Jordan normal form

Q'h;:()v Q'egzov sz/zei
Q-1 =0, Q- =0, Q-1 = ¢

Computing the action of @ in the corresponding tensor basis of U ® V we get that
Kerg(U ® V) is spanned by

Wooh, Hed, eohl dofl— ()l

J

and Img (U ® V) is spanned by
Hed, den, dof - (ed,

where |- | denotes the grading function. Thus, Hg(U® V) is spanned by hl, ® hj. Finally
we notice that k! spans Hg(U) and h; spans Hg(V), which proves c). O

Corollary 3.1.1. For a finite dimensional g-module V, we observe that
sdim Hgp(V) = sdimV . (3.1.60)

The statement follows from the existence of a Jordan normal form for the representation
of @ in V.

The vanishing of the superdimension of a module V is a necessary constraint for
the triviality of the cohomological reduction Hg(V). Atypical simple modules do not
generally satisfy this constraint, while projective modules do as shown in [51].

Lemma 3.1.3. If V is a finite dimensional projective g-module, then Hg (V) = 0.

Proof. Let T'" be the set of weights A parametrizing the finite dimensional simple g-
modules S(A). Denote by P(A) the projective covers of S(A) in the sense of definition
2.2.2. The projective module V can then be represented as

V= (V)P , (3.1.61)

Ael't

where only a finite number of multiplicities dy (V) do not vanish. Proving lemma 3.1.3
becomes equivalent to proving that Hgo(P(A)) = 0 for any A € I't. We show in the
following that this task is equivalent to yet another one. We start by defining the
induced modules

B(A) = Indg ResgS(A) = U(g) ®g, S(A) (3.1.62)

which are finite dimensional and, according to [52], are also projective in the category
of finite dimensional g-modules. The surjective map I : B(A) — S(A)

H(u ®g,5) = u-s (3.1.63)
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defines a projective g-module homomorphism. By our definition in section 2.2, top(B(A))
is the direct sum of all quotients of B(A) by a maximal submodule. Since II is surjective,
we have B(A)/ KerII 2 S(A) and since S(A) is a simple module, Ker IT must be a maximal
submodule and therefore S(A) C top B(A). On the other hand, decomposing B(A) as in
equation (3.1.61) we can explicitly compute

topB(A) = P dn(B(A)topP(A) = @B du(B(A))S(A) . (3.1.64)
Aert Aelt
which from S(A) C topB(A) implies that P(A) must be a direct summand of B(A).
Thus, we see that proving Hg(P(A)) = 0 for any A € I'" is equivalent to proving that
Ho(B(A)) =0 for any A € I'".

To compute the cohomology Hp(B(A)), we yet again construct a basis of B(A) which
brings the action of () to a Jordan normal form. Let aq,...,ap be a basis of gz and
bi,...,br be abasis of g;. According to the Poincaré-Birkoff-Witt theorem, the elements
of the form

bi, - b al---al?, ko, >0, 0 < - <ipg (3.1.65)
are a basis of {(g). Given a basis s, of S(A), the basis (3.1.65) of 4(g) provides a basis
b by ®5an k>0, 0 <o <y (3.1.66)

of B(A) by means of the def. (3.1.62). By choosing a basis such that b; = @, we
immediately bring the action of () to a Jordan normal form, so that it becomes obvious
that Kerg(B(A)) = Img(B(A)) is spanned by the basis vectors (3.1.66) with iy = 1. O

3.1.4 Reduction of smooth functions on G/G’

We shall restrict to Lie superalgebras g of the type considered in subsection 3.1.2.
They all have an invariant, supersymmetric, consistent and non-degenerate bilinear
form ( , ):gxg— C that by definition 2.1.2 we call a metric. Consider a subalgebra
g’ of g such that ( , ) restricts to a metric on g’ and suppose there is an odd element
Q € ¢ with vanishing self-bracket.

According to equations (3.1.17 and 3.1.19), Hg(g) and Hg(g') are isomorphic to some
subalgebras h C g and, respectively, b’ C ¢’, with the following direct sum decomposi-
tions

g= hoedf (3.1.67)
g bhedaf
as h and h’-modules, respectively. Here ¢ := Img g, ¢’ := Img g’. Since by our assumption
Q € g’ C g, we obtain the subalgebra inclusions:
b C b, ¢ Ce, ffcf.

Let m be the orthogonal complement of g’ in g with respect to ( , ). The assumption
on the non-degeneracy of the metric and of its restriction to g’ implies the following facts
for m:
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a) m is an g’-module
b) (, )|lmxm is an g'-invariant non-degenerate scalar product
c) viewed as as an g’-module by restriction, g decomposes as

g = gom. (3.1.68)

Statements a) and b) are rather straightforward to prove, while ¢) results from the
construction of a projection on g’ with the inverted metric ( , )|gxy, much like in
eq. (3.1.18). From eq. (3.1.59) and point ¢), m decomposes as an h’-module into the
direct sum

m=ngpdq, (3.1.69)

where n = Hg(m) and p = Imgm. Computing the cohomology of the direct sum
decomposition (3.1.68) with the help of property a) of lemma 3.1.2 together with equa-
tions (3.1.67) and (3.1.69), we are rewarded with the analogous result:

One useful consequence of equations (3.1.68 — 3.1.70) is the following h’-module isomor-
phism
Ho(g/g') = Ho(m) = n = b/p’". (3.1.71)
Let &(g) be the Grassmann envelope of g with respect to some Grassmann algebra
® as defined in section 2.3. Furthermore, a given antilinear involutive automorphism
of g can be extended to an automorphism of &(g), thus defining a real form &(g);.
Suppose now that G is a connected Lie supergroup with Lie algebra &(g); and that G’
is a connected subgroup of G with Lie algebra &(g’);. Let H denote the subgroup of
G with Lie algebra &(h); and H' the subgroup of G’ with Lie algebra &(h’);. We want
to perform the cohomological reduction of the space of smooth functions §(G/G’) with
respect to () and show that there is an H-module isomorphism

Ho(3(G/G) = §(H/H) (3.1.72)

where §(H/H') denotes the algebra of smooth functions on H/H'. Equation (3.1.71)
was already used in section 3.1.1 to give a local argument for the isomorphism (3.1.72).
In order to prove the claim (3.1.72), we shall identify §(G/G’) with the space F(G)¢
of smooth functions on G invariant with respect to the right G’-action. We perform the
same identification for F(H/H') = F(H)™'.

Let us look closer at Img §(G/G’). The set of points of G/G’ where all elements of
Img §(G/G") vanish are precisely those points of G/G’ which are invariant with respect
to the action of €"?, where 7 is an odd Grassmann number. We denote this subset
by (G/G")?. Let G? and (G')? denote the subgroup of G' and, respectively, G’ invari-
ant with respect to the adjoint action of €”?. These are the subgroups on which the
vector field D(Q) corresponding to the adjoint action of () vanishes. This means that
Imp(g) §(G) is the subset of smooth functions on G vanishing on G¢.
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Lemma 3.1.4. The following equivalence of supermanifolds holds
(G/GHYY = G9/(GN° (3.1.73)

Proof. In the neighborhood of eG’, where e is the identity of GG, the distinct equivalence
classes of G/G’ can be parametrized as

G (3.1.74)

where v € &(m); is small enough. If we denote by v the coordinate of the point (3.1.74)
then we get the geodesic system of coordinates at eG’. Indeed, the coordinate space
&(m); can be identified with the tangent space at the point eG’ with coordinates v = 0

d d

(L@)H0) = (- NO)]_, = =

Ft)], Ly =~

where £ denotes the Lie derivative. The exponential mapping
v e'G (3.1.75)

can be extended to the whole tangent space &(m);. This extension is in general no longer
injective, i.e./ it ceases to be a system of coordinates. However, assuming Hopf-Rinow
theorem can be generalized to supermanifolds [53], the map (3.1.75) must be surjective,
that is any group element g € GG can be represented in the form

g — el}g/

for some v € B(m); and ¢’ € G’. Using this global representation, one can easily see that
(G/G")¥ is the image of the exponential mapping (3.1.75) restricted to Kerg &(m);. It
follows that G has a transitive action on (G /G’)¥, with its stabilizer at eG’ € (G/G")%
with respect to the left action on G¥ being (G')? = G N G’. This completes the proof
of claim (3.1.73). O

Corollary 3.1.2. Let L(Q) denote the vector field corresponding to the left action of
. Then one has

ImeF(G/G) = ImLgF(@)Y = ImpgF(A)Y = (Impg F(G)  (3.1.76)

Proof. The first equality results from the identification §(G/G’) = F(G)¢ while the
second equality is a consequence of Q € g. To prove the last equality notice that
Imp(g) §(G) is composed of functions on G vanishing on G?. Then (Imp(g) F(G))C be-
comes the space of functions on G /G’ vanishing on the submanifold G /G’. Notice that
G/G" = G9/(G")?, because both supermanifolds are G?-transitive and have the same
stabilizer (G')? = GY N G'. Therefore, according to equation (3.1.73), (Imp(g) F(G))¢
can be seen as the space of functions on G'/G’ that vanish on (G/G’)?, which coincides
with the definition of Img §(G/G’). O
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We also have obvious analogous equalities for the kernel of Q:
Kerg 3(G/G") = Kery)F(G)Y = Kerp) F(G)Y = (Kerpg) F(G) . (3.1.77)

Combining the equations 3.1.76 and 3.1.77, we get the following prescription for com-
puting the cohomology

U

Ho(S(G/G") = (Hp)((G)))" (3.1.78)

Let us now concentrate on computing the right hand side of the above equation,
starting with Hpg)(§(G)). The image of a function f under the projection map = :

§(G) — §(G)/ Imp(g) §(G) given by
m(f) == f+Impe)F(G) (3.1.79)

is the equivalence class of functions which have the same restriction on G as f, that is

m(f) = flea (3.1.80)

since a function in Imp(g) §(G) vanishes on the set of points left invariant under Q. In
particular, any function whose restriction to G vanishes must be in the image of Q.
We further notice that the left and the right G-actions on §(G) induce corresponding
left and right G@-action on the quotient space F(G)/ Imp(g) F(G)

Lemma 3.1.5. The following isomorphism of H-modules and commutative algebras
holds

!

Ho)(3(G))" = F(H/H') . (3.1.81)

Proof. If X € g and f € Kerpg) §(G)¥, then

L((Q, XD)n(f) = =(L[Q, X]f) = n(L(Q)LX)f) = n(DQ)L(X)f) = 0,

because the left and right g actions on §(G) commute and Kerm = Imp(g) §(G). This
shows that the space of functions Hp(g)(F(G))¢" is left invariant with respect to the
action of e. Denote by N the subgroup of G with the Lie superalgebra e. The latter
being an ideal of Kergg, N is a normal subgroup of G with H = N\G®. Then
equation (3.1.81) claims that Hp(g)(§(G))¥ is a space of functions on N\G?/G' =
H/G" = H/H'. The last equality comes from the fact that both H/G’ and H/H' are
H-transitive and have the same stabilizer H' = G' N H. O

In conclusion we wee that the cohomology of a smooth function on G/G’ is computed
by restricting it to H/H' C G/G'. Let us denote this restriction map by p.
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3.1.5 Reduction of smooth tensor forms on G/G’

Let Tx(G/G") be the space of smooth tensor forms of rank k on G/G’. We argue that
equation (3.1.72) can be generalized to

Ho(Tw(G/G")) = Tw(H/H'), (3.1.82)

where Ty (H/H') is the space of smooth tensor forms of rank k£ on H/H'. We shall
only give a local argument in favor of this claim. Introducing the geodesic coordi-
nates (3.1.74), one can perform the following identification in the neighborhood of the
point eG' € G/G’

T(G/G) = F(G/G) @m®F .

This local trivialization extends to an isomorphism of G’-modules. Using the property
c) of lemma 3.1.2, we get

Ho(Te(G/G)) = Ho(F(G/G")) @ Ho(m)®* ~ F(H/H') @ n®" = T (H/H') . (3.1.83)

Most probably, one can give a global argument for the claim (3.1.82) by introducing the
frame bundle

Tu(G/G') = (J(G) ® F(G)*H)Y

where F(G) is the moving frame attached to every point of G, which is built out of the
components of the Maurer-Cartan form.

In conclusion, the cohomology of a tensor form on G/G’ is computed, as can be seen
from equation (3.1.83), by restricting it first to the submanifold H/H’ and second to
the tensor space of H/H’. The second step is equivalent to throwing out all components
of the tensor not lying in the tensor space of H/H' seen as a submanifold of G/G'. We
denote this restriction map by p again.

3.1.6 Reduction of Ly(G/G’)

We want to refine the argument of (3.1.72), so that it may apply not only to smooth,
but also to square integrable functions, i.e. we want to show that the elements of
Ho(L2(G/G")) are square integrable with respect to some H-invariant measure on H/H’,
leading to

Ho(L:(G/G")) = Lo(H/H') . (3.1.84)

In order to do so, let us again make us of the geodesic coordinates v of equation (3.1.74).
Let vy, v, and vq denote the projection of v onto the real Grassmann envelope of the
direct summand n, p and, respectively, q in eq. (3.1.69). We then embed F(H/H’) into
§(G/G") by means of the injection map

i(f)(v) = flog)ett®ro) (3.1.85)

where v is small enough and « is, for the moment, an arbitrary number. Notice that
eq. (3.1.85) defines the function i(f) globally. Indeed, the definition (3.1.85) allows to
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compute the action of the enveloping Lie superalgebra $(g) on i(f). The latter can be
extended to the action of the group GG, whose knowledge is enough to define the values
of i(f) at any point of G/G".

The most important property of the injection map (3.1.85) is

moi = 1, (3.1.86)

where 7 is the projection of equations (3.1.79) and (3.1.80). As a consequence, any
element of Kergp §(G/G’) can be represented in the form

i(f) + LQ)h, (3.1.87)

where £(Q) denotes the Lie derivative with respect to Q.
We now prove (3.1.84) by showing that for a proper choice of « in eq. (3.1.85) one
has

(i(f1),i(f2))arer = (foo f2)mymr (3.1.88)

The equation should be understood as follows: i) the existence of one side implies the
existence of the other side and ii) for a G-invariant scalar product ( , )g e on Lo(G/G')
induced by the G-invariant measure on GG/G’ there is a corresponding H-invariant scalar
product ( , )g/gr on Le(H/H') induced by the H-invariant measure on H/H'.

Indeed, let the measure on G/G’ be given locally by dug(v) = w(v)dv. Suppose i(f)
is L, normalizable. Then its norm can be written in the form

/ d:U“Hf2 9
H/H

where dpg is a measure on H/H’ locally defined by a weight function w’(v,) obtained
by integrating
w(v)e2a(vp ,Uq) ’

with respect to the coordinates v, and v,. Notice that there is always a choice of a such
that w’ exists even for non-compact homogeneous spaces G/G’. Of course, in order to
perform the integration yielding the explicit form of w’ one must work with an atlas of
G/G'. However, the only thing that matters to us is its H-invariance or, equivalently,
the H-invariance of the scalar product ( , )m g associated to it by eq. (3.1.88). We
thus check

(((L(X)f1),i(f2))ayar + (i(f1),i(L(X) f2))ayer = O, Xep. (3.1.89)

Notice that (vy,v,) is Q-exact because its restriction to vy = 0 vanishes. Therefore
L(X)(vp, vq) is also Q-exact, because [@, X| = 0. Finally,

(LX)i(F))(0) = iA(LX)F)(v) = flvn)ae ™) LX) (vp, vg) (3.1.90)

is Q-exact as well, because f(v,)e %) is Q-invariant. We then use the exactness
of the expression (3.1.90) to commute the Lie derivative £(X) with the injection ¢ in
eq. (3.1.89).
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We conclude this section by noticing that eq. (3.1.88) can be written in an equivalent
way as

(fi; f2dayar = (p(f1), p(f2)) /s (3.1.91)
where f1, fo € Kerg Ly(G/G’). This is the localization phenomenon.

3.2 Cohomological reduction in the field theory

We are now prepared to revisit the sigma models on G/G’. We have shown in sec. 2.4.3
how the local observables of the sigma model on G /G’ can be constructed from functions
on Ly(G/G") and (some well behaved subspace of the space of smooth) tensor forms on
G/G'. The results of sec. (3.1.4-3.1.6) straightforwardly imply that the cohomological
reduction of the space of local observables in the sigma model on G/G’ coincides precisely
with the space of local observables in the sigma model on H/H’, that is

Ho(Forer) = Fuymr |- (3.2.1)

Let us now look at Q-invariant correlation functions of local fields O. As the results
of the previous section suggest, we shall demonstrate that any correlation function of
such fields can be computed in the H/H’ coset superspace theory.

First we need to compute the cohomological reduction of the action Sg /¢ associated
to the Lagrangian in equation (2.4.3). Since the Lagrangian is entirely fixed by a G-
invariant metric and an exact G-invariant 2-form, we can apply the results of sec. 3.1.5
in order to compute their cohomology class. The classes of the two tensor forms are
computed by restricting them to the points of the submanifold H/H’ and to its tensor
space respectively. As a result we obviously get an H-invariant metric and an exact
H-invariant 2-form on H/H’'. Employing the restriction map p of sections 3.1.4 and
3.1.5, we conclude that

p(Sciar) = Suym (3.2.2)

is an action for the sigma model on H/H' with a similar kinetic term and B-field
structure as Sgyer. The pullback of eq. (3.2.2) takes a more familiar form to usual
cohomological calculations in field theory

Sg/G/ = SH/H’ + ﬁ(Q)R R

where £(Q) denotes the Lie derivative with respect to ) and R is some residual func-
tional, obviously non G-invariant. The possibility of constructing G-invariant terms
L(Q)R out of non G-invariant terms R is a special feature of the supergroup symmetry.
According to one of the main ideas behind cohomological reduction, the Q-exact term in
the action does not contribute to the calculation of correlation functions of Q)-invariant
local fields.

To make things more precise, notice that the localization formula (3.1.91) for the
computation of the scalar product of ()-invariant functions can be generalized to the
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integral of any @-invariant object. Therefore, we trivially obtain from eq. (2.4.21)

<Hoi<xi>> = [ e [ (00 )
i=1 G/a H i=1

= <Hp<0i><xi>> : (3.2.3)

H/H'

where we have used eq. (3.2.2). Consequently, the subsector of the sigma model on
G /G’ which we obtain through cohomological reduction is composed of the localized
observables p(Q;). Finally, using the central statement (3.2.3), we conclude that this
subsector is exactly identified with the local observables of the sigma model on H/H'.

3.3 Applications

In the first subsection we discuss applications of cohomological reduction to conformal
field theory. In the second subsection we present a general treatment of sigma models
on supercoset spaces G/G%2 defined by a degree two automorphism, that is on sym-
metric superspaces. The last subsection deals with some specific examples involving
automorphisms of degree four.

3.3.1 Conformal field theory

The cohomological reduction we have described in the previous two subsections allows
us to identify certain simple subsectors of the parent theory in which all correlation
functions can be computed explicitly through the reduced model. The latter is often
much simpler than the original theory. In fact, we shall find many examples below in
which the subsector is a free or even topological field theory. The existence of such
simple subsectors may signal very special features of the parent model. In particular, it
can imply its scale invariance.

In order to make a more precise statement we need a bit of preparation. Let us
recall that the coset G/G’ gives rise to a family of sigma models which is parametrized
by the metric G and the B-field B. Invariance of the action under G determines the
two background fields up to a finite number of parameters, which, upon quantization,
may get renormalized. This renormalization of G and B can affect the properties of our
theory and in particular of its stress-energy tensor.

Let us now consider the quantized G/G’ model that comes with some fixed choice
of G and B. The associated stress tensor T is conserved and symmetric. On the other
hand, the trace of Tz may be non-zero due to quantum effects. The components of
Tg are G-invariant, i.e. they commute with all generators X € g. In general, Tz can
be decomposed into a sum Tg = >, Tg) of terms where each of the summands Tg)
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belongs to a single indecomposable representation of g. We say that Ty is a true G-
invariant if every summand Tg ) is a direct summand. This must be distinguished from

more generic cases for which some of the summands Tg ), although transforming in the
trivial representation of g, are coupled to other fields through the action of a nilpotent
symmetry generator N from the center of the enveloping Lie superalgebra $(g). In this
case, TV = N tg) for some field tg), which is called a logarithmic partner of 7, c(; ),

Let us now assume that the tensor Ty is a true G-invariant in the sense we have
described above. Suppose furthermore that the theory contains a conformal subsector
H/H' with a non-vanishing stress tensor Ty. According to our assumption, Ty is con-
served, symmetric and traceless. Consequently, the stress tensor of the original theory
must be conserved, symmetric and traceless up to some QQ-exact terms. Since we as-
sumed Ty to be a true invariant, though, none of its components — and in particular
the trace of T; — can be obtained by acting with an element of (g) on some other
fields. Hence, Tz must be traceless and hence the G/G’ model is conformal.

Let us stress again that our assumption on 7 to be a true invariant is rather strong.
We are not prepared to state precise conditions under which this assumption is actually
satisfied in general. However, when the superspaces G/G’ have at most one degree of
freedom in the choice of G and B one can get a simple constraint for the conformality
of the parent theory from the conformality of the cohomological subsector theory: the
sigma model G/G' is conformal if H/H' is conformal and its central charge is non-zero.
Indeed, in this case G and B is either proportional to i) a single g true invariant or to ii) a
single invariant socle of a g-indecomposable module. If H/H’ is the conformally invariant
maximal cohomological reduction with a non-zero central charge, then T cannot be an
invariant socle. Otherwise we would get a contradiction, because its 2-point function
would vanish and the 2-point function of Tz must coincide with the 2-point function
of Ty. The latter, however, cannot vanish because the central charge of the conformal
H/H' sigma model is non-zero.

3.3.2 Sigma models on symmetric superspaces

In this section, we want to present a classification of the cohomological reductions of Z,
cosets, i.e. of symmetric superspaces. These supermanifolds G /G’ have the property
that G’ is a direct product of supergroups of which at most two are simple. For each
simple factor whose superalgebra contains nilpotent fermionic elements, we can perform
the cohomological reduction. Reductions performed with @) operators that come from
different simple factors commute with each other. As an example, consider the coset
space g/g’ =gl (M +m|N +n) /gl (M|N) @ gl (m|n). The denominator has two simple
factors, so that we can reduce in two ways as outlined in figure 3.1.

In table 3.1 below, we describe the different cohomological sectors of all possible
sigma models on symmetric superspaces. We only write down the complex case, but
different reality conditions can then easily be taken into consideration.

Some of the minimal subsectors are topological. This occurs when the whole La-
grangian is in the image of (), which is the case whenever the right side of table 3.1
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v v

................ . BMim|N+n) g(Mtm—1|N+n-1)
gl(M|N)®gl(m|n) gl(M—1|N—-1)®gl(m|n)
........... .. 8M+m—1|N+n—1) g(Mim—2Ntn-2)
gl(M|N)&gl(m—1|n—1) gl(M—1|N-1)®gl(m—1|n—1)
v v

Figure 3.1: Possible cohomological reductions of gl (M + m|N + n) /gl (M|N) @ gl (m|n).

can be brought to the form g/g. This happens for the GL (N|N), OSP (2N+1|2N) and
OSP (2N|2N) principal chiral models as well as for the cosets

GL(N+p|N+q)  GL(2N[2N) OSP (2N+p[2N+2q)  OSP (2N[2N)
GL (N|N) x GL (plq) OSP (2N2N) OSP (2N2N) x OSP (p|2q)  GL (N|N)

On the other hand, some cohomological reductions lead to free conformal field the-
ories, for which there are only two possibilities. Either they reduce to the ¢ = 1 free
boson model to the ¢ = —2 theory of a pair of symplectic fermions. The former case
occurs for the OSP (2N+2|2N) principal chiral model and the real Grassmannians

OSP (24+2m+2n|2m+2n)
OSP (14+2m|2m) x OSP (1+2n|2n) ’

(3.3.1)

whereas the latter occurs for the PSL (N|N) principal chiral model as well as for the
cosets

GL (m+4n+1jm+n+1) PSL (2N|2N)

GL (m+1]m) x GL (njn+1) " OSP (2N[]2N) (3.3.2)

As was shown in [48] by direct computation of the all loop /5 function, these are the
only sigma models on symmetric spaces that are conformally invariant. The superspaces
G/G" in (3.3.1) and (3.3.2) have only one radius and no G-invariant B-field. We thus
see that the argument of section 3.3.1 leads to the same classification of conformally
invariant sigma models, while this time being non-perturbative in nature. We devote
the whole of chapters 4 and 5 to the study of the two of these families of conformal field
theories, namely the non-linear sigma models on the superspheres S?™*127" obtained
from (3.3.1) with n = 0, and the complex projective superspaces CP*~ 9, that we get
from the first term of (3.3.2) with n =0 and S =m + 1.
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R M Comments
psl(1|1)@psl(1]1) psl(1+a|l+a)@psl(1+all+a) C
psl(1]1) psl(1+a|l+a)
gl(1]1)Pgl(1]1) gl(14+a|l+a)®gl(1+all+a) T
gl(1]1) gl(l+all+a)
sl(R)®sl(R) sl(R+a|a)®sl(R+ala)
sl(R) sl(R+a|a)
gl(R+S) gl(R+S+a+pla+p) _ _
AREE(S) Bl alo) &l (5 A19) Thor £ =0or5=0
ol(R|S) gl(Rta+B|S+atp) CforR=5=1
gl(R)Dgl(S) gl(R+ala)ogl(8]S+5) Tfor R=0o0orS=0
psl(1|1)@psl(1]1) psl(2a/2a) C
psl(1]1) osp(2a|2a)
gl(2]2) gl(24+2a]242c) T
osp(2]2) osp(2+2af2+2a)
sl(R) sl(R+2a|2a) _
so(R) osp(R+2a|2a) Tfor R=1
sl(2R) sl(20|2R+2cx)
sp(2R) osp(2a|2R+2a)
sl(1|2R) sl(1+2a|2R+2a)
osp(1]2R) osp(14+2a|2R+2a)
so(R)®so(R) osp(R+2a|2a)@osp(R+2al2a) Cfor R=2
so(R) osp(R+2a|2a) Tfor R=0or R=1
sp(2R)®sp(2R) osp(2a|2R+2a)@osp(2a|2R+2a) _
. sp(QRp) . osp(2a|2R—E2a) T for R =0
osp(1[2R)@osp(1|2R)  osp(14-2a|2R+2a)Posp(1+2a|2R+-2a)
osp(1]2R) osp(14+2a|2R+2a)
so(R+S) osp(R+S+2a+28]2a+23) CforR=S5=1
so(R)®so(S) osp(R+2a|2a)®osp(S+206|208) Tfor R=0o0or S=0
osp(R|2S) osp(R+2a+4253]25+2a+25) o o
so(R)@sp(29) osp( R+20a]2a)osp(26]25+28) Tfor R=00rS5S=0
sp(2R+28S) osp(20+28|2R+254+2a+23) o o
sp(2R)@sp(2S) 0sp(20]2R+2a)Bosp(2B25+208) TforR=00r5=0

osp(2|2R+25)

osp(2+2a+25|2R+25+2a+20)

osp(1|2R)Dosp(1|2S)
so(2R)
gl(R)
sp(2R)
gl(R)

osp(14+2a|2R+-2a) @osp(1+23]25+203)
osp(2R+2a|2a)
gl(R+ala)
osp(2a|2R+2a)
gl(a|R+a)

T for R=0,1
T for R=0

Table 3.1: The left column presents the possible minimal non-trivial sectors labelled by
R, S and the right one the chain of models to which they belong. We denote by T the
models that have a topological subsector and by C those models that are conformally

invariant.

3.3.3 Examples involving generalized symmetric spaces

We will now turn our attention to a few generalized symmetric spaces in which the
denominator supergroup G’ is left invariant under the action of some automorphism
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Q : G — G of order four. We are not attempting to provide a classification of such
cosets, but restrict our discussion to three interesting examples. The first series of
models contains theories whose minimal subsector is given by the sigma model for AdS5 x
S5 and AdS, x S? spaces. The second and third example extend the construction of
superspheres and complex projective spaces, respectively. In all three families of models
we shall identify previously unknown candidates for conformal cosets, see equations
(3.3.7), (3.3.12) and (3.3.15).

Example 3.3.1. Our first case involves the coset superspaces

a/d = psu (2(M +m)|2(N +n))

= 3.3.3
osp (2m|2n) @ osp (2N|2M) ( )

defined for M + m = N + n by the following automorphism of order four: 2 = —st o
Adyx o Ady with

ﬂM—i-m

1 Y:dlag (ﬂma_ﬂ2M+maﬂN+2n7_]lN) .
N+n

‘ _ILN +n

(3.3.4)

Here, in order to properly define the automorphism, one has to embed the superalgebra

psu (2(M +m)|2(N + n)) in the fundamental representation of su (2(M + m)|2(N + n)).

The invariant subalgebra g’ is a direct sum for which the grading of the second sum-

mand is opposite that of the first one. In order to know the number of free parameters

in the metric and B field defining the model, we have to know how the 2 eigenspaces
transform under the action of g’. The result is

m 2 ][ | mﬁ(@@H)@(H@@) ms = o[ ]. (3.3.5)

Here, as well as in the following examples, @ denotes the trivial representation, | |
the fundamental representation and | |* its dual. Tensor products of the fundamental
representation and of its dual that possess certain permutation symmetry are denoted
by the appropriate Young tableaux. We live it as an exercise to the reader to show that

mom==40 @ - -- mAMEITDH -, (3.3.6)

so that the Lagrangian that we can write down for these models has five coupling
constants, four of which parametrize the kinetic term.
We want to mention three special cases for these cosets

e Without loss of generality, we choose @) to lie only in the second direct summand
of g’. Assuming that M = N and thus m = n, we see that the maximal reduction
in this case leads to the sigma model on the Zs coset PSU (2m|2m) /OSP (2m|2m),
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which is conformal. We thus arrive at the conclusion that the sigma models on
the Z,4 coset spaces

PSU (2(N+n)|2(N+n))
OSP (2n|2n) x OSP (2N|2N)

Covm = (3.3.7)

are promising candidates for conformal sigma models for all non negative values
of N and n.

If we specialize to M = n = 2, m = N = 0 and change the reality conditions
appropriately, we obtain the well known Z, coset space PSU (2,2|4) /SO (4,1) x
SO (5) whose bosonic base is AdSs x S°. This model cannot be reduced any
further, since g’ is purely bosonic. It constitutes the maximal reduction of the two
parameter discrete family of models

PSU (2m + 2n + 2,22m + 2n + 4)

Mmny = OSP (2m| 2m+2, 2) x OSP (2n[2n+4)

(3.3.8)

Setting M = n = 0, m = N = 1 and again taking the appropriate boundary
conditions, leads to the space PSU (1,1|2) /SO (2) x SO (2) whose bosonic base is
AdS; x S?. This case is the maximal reduction of the family of sigma models with
g=psu(2(m+n+1)2(m+n+1)) and g’ = osp (2m + 2|2m) G osp (2n + 2|2n),
subject to a certain reality conditions.

Example 3.3.2. We are interested in the Z, coset

osp (M + 2m|2N + 2n)

g/g = : 3.3.9
8= o 020) G osp (M — P3N — 4)) © u () 339
The corresponding automorphism is 2 = Adx with
I, p:<% 0 )
J2m " 0 _ﬂ”_p
X = I where (3.3.10)
Iy 0 1,
J2n J2n = ( ~1, 0 ) :

Under the action of g, the € eigenspaces transform as

m = (Jeee[ e (e ]e[])

m, g(é@@@ED@(@@@@B) (o] ®o)

m; & (oo e (ec o[ ) (3.3.11)
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where by U ® V ® W we understand a module defined as the tensor product of the
U,V, W representations of respectively osp (p|2¢q), osp (M — p|2(N —¢)) and u(m|n).
When selecting the fermionic operator ) € g’, we choose it to be fully contained in
one of the direct summands of g’ . Since the first two lead, after suitable choice of
the parameters M, N, p, q, to the same reduction, we will assume, that () is either in
osp (M — p[2(N — q)) or in u (m|n).

e [f now we have M = 2N and p = 2¢, then we can pursue the reduction of the first
type until we get rid of the orthosymplectic parts in g’ to arrive at the sigma model
on the symmetric space OSP (2m|2n) /U (m|n) which is not a conformal theory.

e [f on the other hand m = n, then taking the second type of reduction can be used
to remove the unitary part of g’ so as to obtain the sigma model on the symmetric
space OSP (M|2N) /OSP (p|2q) x OSP (M-p|2(N-q)), which is a conformal field
theory for p =1, ¢ = 0 and M = 2N + 2. We therefore come to the conclusion
that for all N,n € N the sigma models on the homogeneous spaces

OSP (2N+2+42n|2N+2n)

OSP (2N+1|2N) x U (n|n) (3.3.12)

Cinmy =

are candidates for conformally invariant sigma models. For n = 0 they reduce to
the symmetric spaces S?N*tU2N ie. the superspheres, whereas for N = 0 they
remain a Z, homogeneous space.

Example 3.3.3. The last case under consideration is the Z, coset

, u (M + 2m|N + 2n)

99 = G & u (M — N — q) & u (i) & u () (33.13)
defined by the automorphism 2 = Ady, where
Iy
Y = Jam (3.3.14)

Iy
J2n

We need not spell out the decomposition of m; in modules of g¢', it suffices to say
that the only representations that appear are of the kind A ® B ® C' ® D, where
A, B, C, D are either the trivial, fundamental or dual fundamental of respectively u (p|q),
u(M — p|N — q), the first u(m|n) and the second u(m|n). We choose @ to be diago-
nally embedded in the u (m|n)@u (m|n) part of g’, so that the reduction procedure sends
the parameters m and n to m — 1 and n — 1. If m = n, then the reduction terminates
with the symmetric space U (M|N) /U (p|q) x U (M-p|N-q). The sigma models with this
target spaces are conformal for M = N and p = ¢ &+ 1, with the special case p = 1 and

59



60 CHAPTER 3. COHOMOLOGICAL REDUCTION

g = 0 corresponds to the complex symmetric superspaces CP¥ “USN. In conclusion, we
can state that the sigma models on the homogeneous spaces

U (M+N+2n|M+N+2n)
U (M+1|M) x U(N-1|N) x U (njn) x U (n/n) ’

Coanm = (3.3.15)

are expected to be conformal for values of M, N,n € N with N > 0.

3.3.4 Extensions of the cohomological reduction

In this section, we want to expand the technique of cohomological reduction to encom-
pass Wess-Zumino-Witten and Gross-Neveu models.

e The Wess-Zumino term on the supergroup G with the superalgebra g was written
down in (2.5.15). We see that the Wess-Zumino term Sy 7 is a trilinear combi-
nation of the left invariant currents J and can be cohomologically reduced in a
similar fashion as the bilinear Sy;, kinetic part.

A straightforward if lengthy computation shows that, choosing a fermionic op-
erator () € g that squares to zero, the cohomologically reduced model is the
Wess-Zumino-Witten model on the supergroup H whose superalgebra is Hg(g).
Thus, the Wess-Zumino-Witten models on a supergroup reduce in the same way
as the principal chiral models on the same supergroup. It can even happen that
a principal chiral model and a WZW model both reduce to the same theory. An
interesting example of that is furnished by the PSU (N|N) WZW and principal
chiral models, the maximal reduction of which is the ¢ = —2 free theory of a single
pair of symplectic fermions.

e In the case of the Gross-Neveu models written down in (2.5.16) and (2.5.17), we
can, at the free point, take the fermionic nilpotent generator

1 — — —
Q= { e i) 51— fas (0 + i) gl} | (3.3.16)

and compute that

2

ES]{ZV = [Z IWL + Z(Vaga - 6af7a> + Q -B . (3317)
=3 a=2

It is furthermore not hard to see that a field is in the cohomology of () if and
only if it does not contain any contribution from the fields vy, ¥s, 51,71 The
cohomologically reduced model is therefore the osp (m — 2|2(n — 1)) Gross-Neveu
model. An interesting example is obtained if we set m = 2n + 2, in which case
the maximal reduction of the Gross Neveu model is the massless Thirring model
of two real fermions, which defines a conformal field theory that is dual to the
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theory of a compactified free boson. On the other hand, the compactified free
boson provides the endpoint of the cohomological reduction of the sigma models
on the superspheres S?"*112" In [19], it was proposed that there exists a duality
between the osp (2n + 2|2n) Gross-Neveu models and the sigma models on S2"+127
and what we see here supports this claim. We will spend more time in the next
chapter on this hypothesis.
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Chapter 4

The supersphere sigma model

The goal of this chapter is to investigate the non-linear sigma models on the superspheres
S2MALRM wwith a special emphasis on the case M = 1. In the process, we present a dual
description of the theory in the form of a Gross-Neveu model. The majority of this
chapter was first presented in [20], which was written in collaboration with T. Quella
and V. Schomerus.

4.1 General considerations

In this section, we will investigate the non-linear sigma models with target space pro-
vided by odd-dimensional superspheres S?M*12M yith superdimension one. They can
be viewed as direct generalizations of the more familiar bosonic spheres and admit at
least three different descriptions that will be somewhat useful for us below. First, we
can think of them as supermanifolds in R?™*22M defined by the equation

2M+2 M

S ai 42> uesn = R (4.1.1)
i=1 a

=1

Here, z;,t1 =1,...,2M 42, and 7;,j = 1,...,2M, are the bosonic and fermionic coordi-
nates of R2M+22M yegpectively. If we group these coordinates in a single vector X and
use the matrix J = Jopri20nm defined in (2.1.18), we can write this equation simply as

AM+-2
abv 2 . Joagfora=1,...,2M +2
Z; XU Xy = B5 with X, = { Maont s fora—2M +3,. . aM 42 (412

Combining this description of the supersphere with the definition (2.1.17), it becomes
evident that S?M*12M comes equipped with an osp(2M + 2|2M) action. In fact, the
Lie superalgebra osp(2M + 2|2M) acts on the embedding space R2*22M through its
fundamental representation, which respects relation (4.1.2) by the very definition of
OSP(2M + 2|2M). It is furthermore not hard to see that the stabilizer of any one
given point on the supersphere is isomorphic to the subsupergroup OSP (2M+1|2M) C
OSP(2M +2|2M). Hence, we arrive at a second description of S?M*12M a5 4 symmetric
space:

MM _ OSP(2M + 2|2M)

~ OSP (2M+1|2M) (4.13)
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From the discussion of the previous chapter, we immediately see that the cohomolog-
ical reduction of minimal rank defined in section 3.1.2 will relate the sigma model on
GEMALRM 4 the one on S*M~12M=2" The minimal sector being of course the bosonic
circle S'°, we infer that the spectrum of the non-linear sigma models on any of the
superspheres possesses a subset of states isomorphic to the state space of the free boson.
We will make use of this fact later on.

The final way of defining the superspheres is to solve the constraint (4.1.2) explicitly
by parametrizing the supersphere S*M*12M through 2M + 1 angular coordinates ¢; and
2M fermionic variables 7;. In the case of the supersphere S312 for example, the line
element takes the following form

ds* = 2R*(1 — mmy)dnidny + R*(1 — 2m11m2)dQs (4.1.4)

where
dQs = dp? + cos® ¢, dys + sin® p; dos (4.1.5)

is the usual line element of the 3-dimensional unit sphere and we have rescaled the
fermions by a factor R. All three descriptions of the supersphere S2M+12M will be used
frequently throughout the rest of this work.

Next we turn to the non-linear sigma model on the superspheres. Once more, there
are different ways to introduce this theory. The most basic one is to think of it as a
linear sigma model for the fields z; and n; with a non-linear constraint (4.1.1) on the
field configurations. Another possibility is to introduce angle variables that solve (4.1.1)
and to write the action directly with them. In the case of the 3-dimensional supersphere
the latter takes the form

2

R - _
S7 Py / d*z [2(1 — 2) (87718772 - 87723771)
by

:27T

(4.1.6)
+ (1 = 2mmp) (00101 + cos® 1 Dpa0pa + sin® 1 Dp30:p3)

The coupling constant in front of the action is determined by the radius R of S32. For
the sigma model on the purely bosonic three dimensional sphere the coupling R runs
and in order for the flow to end in a non-trivial fixed-point one must add a WZ term
as shown in [54], but the presence of the two fermionic directions changes the situation
drastically. As was proven in [16], the S-function of the non-linear sigma model on
G2MAH12M g jdentical to the one on a sphere S¢, whose dimension d = 2M +1—2M =1
is given by the difference between the number of bosonic and fermionic coordinates.
Consequently, the B-function vanishes for the theory on S2M*12M implying that the
model (4.1.6) and its higher dimensional generalizations define a family of conformal
field theories at central charge ¢ = 1 with continuously varying exponents. This confirms
independently what was argued in subsection 3.3.1 of the previous chapter, namely that
the sigma models on S?M*12M must be conformally invariant since they depend on only
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one coupling constant and since their minimal sector via cohomological reduction is a
free theory.

Of course, unlike the sigma model on S* = U (1), the theory defined by the action
(4.1.6) is not free. For large radii, the model is weakly coupled and its properties may by
studied perturbatively. But as we pass to a more strongly curved background, computing
quantities as a function of the radius R may seem like a very daunting task, made even
harder by the lack of symmetry to work with. As a conformal field theory, the sigma
model on the supersphere S®? possesses the usual chiral Virasoro symmetries. But for
a model with multiple bosonic coordinates the two sets of chiral Virasoro generators are
not sufficient to make the theory rational. In addition, there is a single set of global
osp (4|2) generators, whose Noether currents however, fail to be chiral for generic points
in the moduli space, so that we lack affine 6sp(4|2). Deprived of the protection of current
algebra symmetries, we can make no use of the usual algebraic tools of conformal field
theory and so have to undertake a rather different route.

Years of experience with sigma models have show that they often possess interesting
dual descriptions. The simplest such duality is the one between the free compactified
boson and the massless Thirring model. Let us recall that the latter involves two real
fermions v, and ¥ and the following action

1 - _ _
Sity = o /2 4’z Lz:; (000; + ;00;) + g° (rths — %%)2 (4.1.7)

where the compactification radius R of the free boson is related to the coupling g through
R? =1+ ¢°. By analogy, one may hope to uncover a dual description of the model on
the supersphere S2M+12M that becomes weakly coupled around some finite value of
the radius, deep in the strongly curved regime. Indeed, such a dual description was
proposed recently, by Candu and Saleur in [19], where they claimed that there exists
one special value Ry of the radius at which the non-linear sigma model on S?M+12M can
be described as a non-interacting Gross-Neveu model involving 2M + 2 real fermions 1);
along with M bosonic 37 systems v, and [3,,

] aM+2 o Mo i
Shee = o /2 dzz[ Z (V:0; + :i0i) + 2 Z(ﬂa&ya + 6a87a)] : (4.1.8)
i=1 a=1

All the fields appearing in this theory possess conformal weight h; = h, = 1/2 so that
the central charge is ¢ = %(QM +2) — M = 1. At this point in the moduli space,
the theory possesses two commuting sets of chiral osp (4]2) currents J* = J#(z) and
JH = J#(z). The affine symmetry is broken down to a global osp (4]|2) symmetry by the
following osp (4|2) invariant marginal deformation

2

s@ = L [ #ae000e)
2m Js
2M 42 M 2

2 - _
- 0 /Edzz [; @it + ;(%ﬂa ~ 87| - (4.1.9)
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Here, 2 is a particular automorphism of the osp (2M + 2|2M) current algebra which
leaves a subalgebra osp (2M + 1|2M) invariant. It will be spelled out explicitly below.
The numbers w; are given by’ @, = —1 and @; = 1 for i # 1. The full theory
SN = SEN 1 SEN g claimed to be equivalent to the supersphere sigma model with
the two coupling constants related by R? = 1 + ¢?. The equivalence is a strong-weak
coupling duality since SN becomes weakly coupled as the radius approaches Ry = 1.
Note that this duality is a direct generalization of the relation between the compactified
free field and the massless Thirring model. The prescription relates one real fermion to
each bosonic coordinate of the embedding space R2M*22M and one pair of 3+ bosonic
ghosts to each pair of fermionic directions. Observe, however, that the duality between
the supersphere sigma models and the Gross-Neveu models is one between interacting
conformal field theories, which makes it is much less trivial than its purely bosonic
counterpart.

The plan of this chapter goes as follows. First, we shall look at the sigma model on
the circle, which will provide us some insights as to the general features of the model.
Then we shall study the next simplest case, namely the sigma model (4.1.6) for the
supersphere S2 and determine its exact spectrum in the limit of infinite radius. For
simplicity, we shall also restrict to the partition function on a strip with Neumann
boundary conditions imposed along both boundaries. After a detailed discussion of the
low lying states, we present a closed formula for the full partition function in (4.3.21).
The latter is then decomposed explicitly into the contributions coming from states which
transform in the same representation A under the global osp (4|2). We then devote time
to the theory (4.1.8) and its deformation by the term (4.1.9). In particular, we study
the bulk and boundary spectrum of the free field theory. One of the resulting boundary
partition functions is then expanded explicitly in terms of osp (4|2) characters. This
allows us to compare with the spectrum of the sigma model at finite radius, using some
of the tools developed in [34]. In the last part of the chapter we spend some time
investigating the N/ = 1 worldsheet extension of the supersphere models and compute
the boundary spectra of volume filling branes in the infinite volume limit.

4.2 The case of the circle

It is illuminating to first look the the simplest prototype of the superspheres S*M+12M
namely the circle which we obtain by setting M = 0. The sigma model action for the
two constrained bosonic coordinates is

2

1 _ _ _
S = —/d2,z (0X10X; + 0X20X,) = i/d%&p&p, (4.2.1)
AT [ Am Js,

7

'Let us note that the signs tw; in the iteraction term are directly linked to the automorphism €.
These signs were missing in the original formulation of the conjecture by Candu and Saleur [19]. They
are irrelevant for M = 0 but play a certain role when M > 1.
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where we have solved the constraints by introducing X; = Rcos(¢) and Xs = Rsin(yp).
Thus, the free boson ¢ is compactified at radius 27 irrespective of the radius R of the
circle, so that the spectrum of the theory does not become continuous in the limit of
infinite volume. The operator product expansion of ¢ is

1
o(z, 2)p(w, w) ~ T log |z — w|* , (4.2.2)
so that the properly normalized holomorphic part of the energy momentum tensor be-

comes
2

R
T(z) = 5 (0pdyp) (2) . (4.2.3)
Because of the constant compactification radius of the free boson, the vertex operators
are ¥, where n is an integer. Their conformal dimension is 55> and they have a charge
n under the U(1) current J = iR?dp. Imposing Neumann boundary conditions, one

obtains the following partition function

c ]_ 71/2
S0(q, 2) = try (270¢"07 1) = — Z 2"q2R? (4.2.4)
’ n(q) =

Here the subscript 91 denotes Neumann boundary conditions and 0 refers to the fact
that we are dealing with the M = 0 case of supersphere S?M*12M  Fyrthermore the
superscript o is there to distinguish this case from the Gross-Neveu one that we consider
later on. The action (4.2.1) has the further symmetry X; — X;, Xs — —Xs, which,
once the constraints have been resolved, corresponds to ¢ — —p. The full symmetry in
the boundary is thus O(2) and the partition function decomposed in characters of O(2)
simple modules becomes

(50 ) 3 (0~ a) 0

S
n n; ¢(q)xn] , (4.2.5)

N —

o _1
mo(q,2) = ¢ 2 [

where the characters of the symmetric traceless tensor product of the fundamental rep-
resentation [J are y,, := 2" 4+ z7". The only difference between the trivial @ and the
adjoint A O representation of O(2) is the action of the reflection group element which
is 1 in the first case and —1 in the second. We refer to C.1.1 for details concerning the
functions ¢ and ¢,.

In our computation so far, we have suppressed the notation of Planck’s constant. In
the path integral formulation, i appears in the measure that weighs the different paths,

namely as

Z= /[d,u]e;zSc : (4.2.6)
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where S, is the classical action. One can take the classical limit in the path integral
approach by letting A tend to zero, which has the effect of cancelling out the contributions
of all paths, except for the ones that are solutions of the equations of motion and thus
extremize the action. In the case of the superspheres, as one sees from the equations
(4.2.1) and (4.1.6), the coupling constant, or equivalently the radius, can be put in front
of the action and redefined so as to absorb A. If we do so, we see that taking the limit
R — o0 produces equivalent results to sending A to zero, so that the limit of infinite
volume corresponds to the semi-classical regime of the theory.

If we take this limit in equation (4.2.5), we see that the number of states with
vanishing energy becomes infinite since the conformal dimension of the vertex operators
e tends to zero. The partition function then becomes

folg 2) == L d = ﬁ (1 - ;xn> . (4.2.7)

n(q) £

The vertex operators can be identified with functions on the circle and as such they
provide a basis for the space L?*(S'). It is a generic feature of sigma models that the
space of ground states of a volume filling brane in the semi-classical limit can be identified
with the space of functions on the target space. This is easily understood qualitatively,
since as the volume grows, the curvature of the space diminishes and since the energy of
the vertex operators scales roughly with the curvature, we see the degeneracy appearing
in the limit. More details can be found in [19]. The partition function (4.2.7) can also
be derived in a way that illustrates some of the methods that we will use in section
4.3. As we argued, the states of zero energy can be identified with the functions e™%
on the circle. The excited states can then be obtained by acting with 0, the worldsheet
derivative along the brane, on the ™%, where each application of the derivative increases
the conformal dimension by one. Thus, a state of energy N and U(1) charge n will be
of the form e™¥ x (claNgo + 20N LD + 30N 20D + - - ) for some constants c¢;.
Therefore, it is easy to see that the number of fields of energy N and U(1) charge n
will be independent of n and equal to the number of integer partitions of the number
N. Since the generating function of the partitions of integers is ¢(q)~!, we see that
equation (4.2.7) is obtained by multiplying the partition function ) 2" of the states
of zero energy by n(q)~!, which implements the counting of the number of derivatives
acting on the functions. This way of constructing the partition function will be very
useful in the next section.

Besides the infinite volume limit, another important approximation we can take is
called the particle limit. In this case, we change not the target space, but the world sheet.
More specifically, if ¥ is a two dimensional cylinder for which the spacial coordinate o
is compactified, then we let the radius of compactification tend to zero. Expanding
our fields in Fourier series in o, we see that the smaller this radius gets, the higher the
energy of the non trivial Fourier modes becomes, so that in the limit of zero radius
only the constant term in the expansion survives. Thus, as illustrated in figure 4.1, we
are effectively left with a one-dimensional worldsheet and the sigma model becomes a
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Figure 4.1: The particle limit is obtained by replacing the two dimensional worldsheet
by a line.

quantum mechanical system whose Hamiltonian is proportional to the Laplacian of the
target space. The particle limit has the obvious effect of removing all string excitations,
leaving only the vertex operators in the theory, meaning that the partition function

becomes ,

Z50(q,2) — g2 Y 2"qen (4.2.8)

ne”L

We can of course take both limits at the same time, as shown in figure 4.2.

2 —vol limit 1
1 n, oy _ Oo—volume P
n(q) D nez ZOPR 1(q) 2 nez
particle limit particle limit

2 oco—volume limit

_ 1 n-
T Y e

1
— 5 n
q 2 ZnEZ z

Figure 4.2: Various limits of the partition function for Neumann boundary conditions
of the S! sigma model.

As a preparation for some of the arguments that we will make for the S%? sigma
model, we read from equation (4.2.4) that the conformal dimensions of the boundary
fields can be expressed

n? 1 /1 1

where, ho(Ry) = %, A, is the weight of the n-fold symmetric traceless representation

and Cas(A,) = n? is the normalized quadratic Casimir of O(2). We thus see that, just
as in formula (2.5.26) for WZW models, the change of the conformal dimensions away
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from a given radius Ry is completely determined by the transformation properties of the
fields and is given by the value of the quadratic Casimir times some universal function.

We will spend most of the remaining chapter arguing that the same behavior is present
for all S?M+12M gjoma models.

Thus ends our short presentation of the S! sigma model.

4.3 Semi-classical limit for S

In this section we shall focus on the sigma model for the supersphere S%? with large
radius R. At the point R = oo we can compute the partition function on a strip with
Neumann boundary conditions on both sides. The two main ingredients are the exact
analysis of the minisuperspace spectrum on S®? in subsection 4.3.1 and a good control
of the combinatorics that determine the field theoretic spectrum at R = co. The latter
will be explained in subsection 4.3.2. The complete spectrum is finally decomposed into
finite dimensional representations of the global symmetry algebra osp (4|2) in the third
subsection.

4.3.1 Particle on the supersphere S°

As state before, analyzing the particle limit of a non-linear sigma model amounts to
understanding the behavior of the Laplacian on the target space. The Laplacian on
the supersphere S%? was analyzed in full detail by Candu and Saleur [19], but we shall
provide a new derivation that is particularly well suited for the discussion in the following
subsections.

As a warm-up exercise, let us recall the spectrum of the Laplacian on a three di-
mensional sphere S®, whose space of functions carries an action of so (4) =sl(2)&sl(2).
Therefore, eigenfunctions of the Laplacian on S are organized in finite dimensional
multiplets of sl(2)ésl(2). According to the Peter-Weyl theory for SU(2) = S3, there is
one such multiplet ,, for each integer m € N. Tt has dimension (m+1)? and transforms
in the representation (%, % ). The eigenvalues of the Laplacian on the multiplet ¢,, is
given by m(m + 2). For the supersphere 52 we expect very similar results, with the
exception that the multiplicities should roughly exceed those of the bosonic model by a

factor of four, since we have two additional fermionic degrees of freedom.

Before we extend these thoughts to the supersphere, however, let us mention a few
facts on the Lie superalgebra osp (4]2). Its bosonic subalgebra is 9-dimensional and it
consists of three commuting copies of sl(2). This implies that irreducible representations
[71, jo2, js] of osp (4|2) are labeled by three spins j;. In these representations the quadratic
Casimir element takes the value

Cas(ji,j2.J3) = =411 — 1) +242(jo + 1) + 253(Js + 1) . (4.3.1)
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A generic, that is typical?, representation possesses dimension
dim[jy, ja, j3] = 16(2j1 +1)(2j2 + 1)(2j3 + 1) . (4.3.2)

The representations of osp (4|2) that appear in the spectrum of the Laplacian on the
supersphere S3% are however not generic. On the supersphere, wave functions are orga-
nized in osp (4]2) multiplets ¢,, with m € N. The first multiplet ¢, consists of a single
function, namely the constant ¢y = 1, which transforms in the trivial one dimensional
representation [0, 0, 0]. For positive values of m, the multiplet ¢,, transforms in the irre-
ducible representation [L, ™t m-l

3, 5=, "5=| of osp (4/2). Consequently, the space H, of square
integrable functions on the supersphere S? decomposes as follows,

N[l m—1m-1 =

m=1

Here we have also introduced the symbol [A,, o] such that

(4.3.4)

Moo =[0,0,0]  [Apsrg] = B m %}

In particular [A; o] = O is the fundamental representation and the [A, ] are the sym-
metric traceless tensor powers of it. According to equation (4.3.1), the Laplacian takes
the values m? on [A,,0]. The quadratic dependence on m is similar to the one we find
on the bosonic sphere, while on the other hand the degeneracies here are much larger.
In fact, upon restriction to the bosonic subalgebra, the eigenspaces of the Laplacian
decompose according to

1k k 1k k E+1 k+1 k-1 k-1
SR RSN
2°2°2 s1(2)@sl(2)Psl(2) 2722 2 2 2 2

for k =m — 1> 1. When k£ = 0, the last term must be omitted. The formula implies
that the dimension of the representation [Ay o] is given by dim[Ag o] = 4k*+2 for k > 1.
This is roughly four times as large as the dimension of the eigenspaces on the bosonic
sphere S3, as one would expect.

As an instructive exercise, we shall prove the decomposition (4.3.3). To this end,
let us collect the bosonic coordinate functions X; := x;,¢ = 1,...,4 and the fermionic
generators X,,; := n; into a single multiplet X. We recall that the six functions X,
are subject to the constraint (4.1.1), which may be recast into the more covariant form
X, X,J® = R2. The multiplet X transforms in the fundamental representation [A; ] =
[1,0,0] of osp (4]2). When we restrict from osp (4]2) to its bosonic subalgebra, X splits
into a 4-dimensional multiplet in the (4, 3) representation of so (4) = sl(2)@®sl(2) and a
2-dimensional multiplet in the (3) representation of sp(2) = sl(2). While the former is

2See appendix B
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spanned by the bosonic coordinate functions x;, the latter consists of the odd elements
i

The algebra H, of functions on S%? is generated by the six coordinates X;, meaning
that every square integrable function can be arbitrarily well approximated by a polyno-
mial in X;. The space of polynomials comes with an integer grading given by the degree
of homogeneity. Since the homogeneous polynomials transform in the graded symmet-
ric tensor product of the fundamental representation [A; ], one might be inclined to
identify the direct sum Sym[A; o] = €,,[A1,0]°" of all graded symmetric tensor powers
of the fundamental representation with the space Hy. Such an identification, however,
would disregard the defining equation (4.1.1) of the supersphere. The constraint (4.1.1)
generates an ideal in the symmetric tensor algebra Sym[A; o] that has to be divided out
in order to avoid overcounting of states. The two-fold symmetric tensor power of the
fundamental representation, for example, is given by [A1]°? = [0,0,0] & [Azo]. The
constraint (4.1.1) identifies the multiplet [0, 0,0] with the constant function. The lat-
ter has been counted already by the very first term [A;]*" = [0,0,0]. Consequently,
when considering the space of homogeneous polynomials in X; up to degree m, we have
to quotient out the subspace of polynomials that contain the factor X,X,J%, which is
isomorphic to the space of homogeneous polynomials of degree less or equal to m — 2.
Thereby we are led to the following expression for Hy,

Ho = lim (@[A1,0]0m> / (@[A1,0]0m> = Pl

m=0 m=0 m=0
1k ok
k=0

where we have used the tensor product decomposition® [A; )™ 2 @thmo/ 2l [Am—2i0]-

Before we move on, let us construct the partition function for the non-linear sigma
model on the supersphere in the combined particle and infinite volume limit, that is the
quantity:

Zy = Zo(z1,20,23) 1= trpg (21 287200 (4.3.6)

where H' are the three Cartan generators and the trace is taken evaluated in the space
H, of square integrable functions on the supersphere S%2. The results we sketched in
the previous paragraphs imply that

ZO = 1+ZX[%7%7%](21,22,23) (437)
m=0
where X1 m mi(21,22,23) = X(1m m)+ X(o,mg miry + X(o,mz mo1y - (4.3.8)

In the second line the last term should be omitted for m = 0 and the character x(;, j, j;) =
L x;;(zi) denotes a product of bosonic sl(2) characters. The partition function Z, can

3By |z| we mean the floor function of z.
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be written in a different form that mimics our proof of the formula (4.3.3). To this end,
let us consider the module Sym[A; ], defined as the direct sum of all symmetric tensor
powers of [A;o]. We think of it as being generated by four bosonic coordinates in the
(3, 3) representation of sl(2)®sl(2) = so(4) along with the two fermionic ones in the (3)
representation of sl(2) = sp(2). On Sym[A; o] we introduce the number operator N that
counts the number of bosonic and fermionic coordinate functions in a given monomial.

Since there are no non-trivial relations in Sym[A; o] we can easily compute

1 1
1 2 3 (1+Z§t)(1+2_§t)
Zs(t) = trSym[ALo}(tNZiH 25{ Z?{{) = T 1 1 11 11 T 1

11 1 _1 11 1 _1
(1 —z5z5t)(1 — 2325 *1)(1 — 2 "250) (1 — 2 " 23 °t)

Multiplying this quantity with (1 — ¢?) implements the constraint (4.1.1) on the level
of generating functions. We can then remove ¢ by sending it to ¢ — 1. The result is a
rather elegant new formula for the partition function Z,

ZQ(Zl, 22, 253) = 15111 [(1 - t2)ZS(t7 21, 22, 2’3)} . (439)

If the quotient is expanded in a Taylor series and expressions are reorganized into char-
acters of osp (4]|2) we recover our previous result (4.3.7).

4.3.2 The complete boundary spectrum

Moving away from the particle limit, but keeping the volume infinite, we can generalize
the results of the previous section to account for the string excitations. At the infinite
radius point, the fields of the theory are easy to list and their weights agree with their
classical values, as we have argued in our section concerning the circle. For simplicity, we
shall study the boundary spectrum of a volume filling brane, i.e. with Neumann boundary
conditions imposed on all fields of the model. This makes it sufficient to consider only
the derivative 0, along the boundary, rather than two world-sheet derivatives 0 and 0.
From now on, the letters x; = x;(u),n, = n.(u) and X; = X;(u) shall denote boundary
fields rather than coordinate functions.

Beginning to analyze the space H of boundary fields we quickly realize that this
space is spanned by monomials ® of the form

o = [[x[[ox:, []o°Xs, - - (4.3.10)
0 i1 12

The number of factors involving no, one, two, etc. derivatives 0 = 0, of the funda-
mental fields is arbitrary. Let us stress at this point already that the defining rela-
tion (4.1.1) of the supersphere imposes many relations between monomials of the form
(4.3.10). The space H, comes equipped with an integer grading, i.e. H = @, Han,
where H,, is spanned by monomials ® with a total number n of derivatives. The expres-
sion X,0X,0*X,, for example, is an element of Hs.
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Associated with the integer grading of the state space H there is a corresponding
decomposition of the partition function

Z(q,z1,22,23) = trH(qLO_izfpz§2z§{3) = ¢ m Z Z,(z1,29,23)q" . (4.3.11)
n=0

The coefficients Z,, = Z,(z;) are infinite linear combinations of osp (4]|2) characters.

The formula (4.3.9) for Z, that was discussed in the previous subsection, can in the

present context be seen as encoding all information on the osp (4|2) transformation law

of fields with conformal weight h = 0. These states are in one-to-one correspondence

with functions on the supersphere S3? (recall that we are working at R = c0).

Let us now turn to states involving a single derivative 0. Since H; is built from fields
of the form ¢, (X;)0X;, where ¢,, € Hy and since the 0.X; transform in [A; o], one might
at first sight suspect that Zj := Zy x x4, , coincides with Z;. But this is not true since
it actually counts many fields twice. So far, we have not accounted for the derivative of
the supersphere relation (4.1.1). Taking the derivative of this constraint we find

> Xi0X;07 = 0.
0,J
This additional condition tells us to subtract Z, from Z}. Hence we are led to the

identification Z; = Zy(xa,, — Xao,) and a simple computer program can decompose this
product into characters of osp (4|2), leading to

4 = Z(X[Lg,g}ﬂLX%,g,g}) : (4.3.12)

In order to gain some more familiarity with the state counting we invite the reader
to construct the contribution Z, of fields with two derivatives to the total partition
function. The answer is given by

Zy = Xpo0 t+2 Z X(4,5 51+ X[1,0,0]
k=0
_'_ (X[17k;17k51 + X[17%7%} + 2X[%7%7%} + 2X[17%’§}> . (4313)
k=1

Instead of explaining this formula we shall turn to the higher subtraces Z; right away. To
begin with, let us enumerate expressions in which no field appears without derivative
and where the total degree of the derivatives adds up to n. There are p(n) of these
terms, where p(n) is the number of partitions of the integer n. We shall denote the set
of partitions by P(n) and think of their elements as sequences

wi= (u;,i=1,2,3,...) such that Zz’ui =n. (4.3.14)
i=1
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With n = 3, for example, we have to consider terms involving 9*X;, 9*X,;0X; and
0X,0X,;0X), corresponding to the sequences (u1, pt2, 13) = (0,0,1), (1,1,0) and (3,0,0),
respectively. In our notations we shall suppress the infinite number of zero entries to
the right of the last non-zero one. To each partition p € P(n), we associate the trace
X g over the space [A1 0] @ [Aqo]#2 - -,

XA%’S‘ (Z17 227 Z3) = H XAiﬁ)i (Zl, 22’ Z3) . (4315)

i=1

The factors on the right hand side involve traces over the u!® symmetric tensor product
of the fundamental representation [A;o]. Such factors arise from the product of p;
derivatives of order i of the fundamental field multiplet. Let us now set

Z, =2y » X (4.3.16)

REP(n)

to be Zy multiplied with the sum of the p(n) traces (4.3.15). Clearly, Z/ is not the
same as Z,. In fact, we still have to correct for some overcounting, since we have to
subtract all possible derivatives of degree up to n of the supersphere relations (4.1.1).
Each one of the p(n) partitions u € P(n) has to be investigated on its own in order
to understand which relations apply to it. Suppose that for a given partition g, the
entry p; does not vanish. This means that the corresponding fields contain a factor
" X,. Hence, there exist relations between such fields that arise from the ;' derivative
of the supersphere relation (4.1.1). These must be removed. We may formalize this
prescription by introducing the special partitions ¢ which have a single entry ¢! = 1 in
the i'! position and are zero otherwise. The sequence € is an element of P(i). Let us also
denote by p—¢' the partition from P(n—1) that is obtained by subtracting the entries. If
the resulting sequence contains a negative entry, i.e. if u; = 0, then we set x ABG—e) = 0.

With these notations, we can now formalize our resolution for the issue of overcounting.

Taking into account the constraints imposed by the it derivative of (4.1.1) amounts to

subtracting from Z,, all functions of the form ZoX s(u—c- Here, i € P(n) and i runs
1,0

through all integers ¢ = 1,2, ... such that u; # 0. After removing all these terms from
Z! we realize that we actually overdid things with our correction. In fact we have deleted
those expressions for which two ore more relations are simultaneously fulfilled, so that

we need to put them back in. Thus, we must add all the terms Z()XA@,(H,J,E]‘) with 7 < 7,
1,0

as represented for a simple example in figure 4.3. The resulting expression overcounts
those polynomials that obey three different relations, etc. A simple induction leads to
the following expression for Z,

Zn = ZO Z (X[é,O,O]@W — ZX[%,OQ}@(M*EZ‘) ‘l— Z X[%,Qo}@(u*ei*eﬂ') — .. ) (4317)
HEP(n) =1 1<j=1

All notations that are used in this expression have been introduced in the preceding
paragraph. We have placed the subscript [A;o] = [%,0,0] back on the symbol y to
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+ 9 []

Figure 4.3: The different partitions for n = 4 that make up Z’' together with the cor-
responding subtractions and corrections. We remind that [J denotes the fundamental
representation and & the trivial one.

emphasize the relation to the fundamental multiplet. The reader is invited to check
that our general formula for Z,, reproduces the previous expressions (4.3.7,4.3.12,4.3.13)
for Z,, when n < 2.

Having found a formula for Z,,, we can insert it into our general prescription (4.3.11)
with the result that,

_1 n
Z - q * ZO Zq Z <X[%70’0]®# - ZX[%7070]®(H76i) _l_ Z X[%,O,O}@)(N*fi*d) - ) .

n=0 nEP(n) =1 i<j=1 ( )
4.3.18

Now, since p — €/ is a partition in P(n — j), we are led to the idea of combining in
the above alternating sum all those terms that belong to partitions of the same size.
Denoting by p4(x; y) the function that counts the number of distinct, i.e. whose elements
are all different, partitions of x with exactly y elements, we leave to the reader the
combinatorial homework to deduce

o0 n J
Z = g7, Zq” Z (Z V¥pa(d; k) Z X[3,0,00@n
n=0

j=0 \k=0 HEP(n—j)

=Cy

= q 2420 Z q Cj Z X2’00 =4q 2420 (chq>zq Z X[2,00]®“

n,j=0 nEP(n—j) HEP(n
= q° 3 Zo qﬁ Zq Z X[ 1,008 - (4319)
neP(n)

We refer the reader to figure 4.4 for an example of a distinct partition.
The numbers ¢; can easily be recognized as the coefficients in the Taylor expansion of
the Euler ¢-function. In fact the generating function for distinct partitions of a number
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Figure 4.4: The distinct partitions of 10 with exactly 3 summands. Thus p,(10;3) = 4.

n into precisely [ distinct numbers is given by

n

H(1+zqk) = Z pa(n; 1) 2 g™ . (4.3.20)
k=1

n=0 [=0

For z = —1 the left hand side reduces to the Euler function ¢(q) while the right hand
side gives the sum ) > c,¢". Note that during the resummation in the second line
of equation (4.3.19) we could drop a number of terms since P(n) is empty for n < 0.
The result (4.3.19) has a rather surprising interpretation, since it tells us that we may
at first discard all the derivatives of the supersphere relations for the computation of
subtraces Z;. Derivatives of equation (4.1.1) may then simply be taken into account by
multiplying the result with the Euler function ¢(q).

The conclusion of the previous discussion may now be employed to derive a much
simpler formula for the partition function which generalizes the expression (4.3.9) for
Zy. Without paying respect to the supersphere relations, it is straightforward to enu-
merate derivative fields. Recall that the four fundamental bosonic fields carry charges
(0,+1,+1) under the three Cartan generators (H', H?, H*). Similarly, the two funda-
mental fermionic fields are only charged under the first Cartan generator H' such that
their charges are (j:%, 0,0). Hence, the partition function can now be represented in the
form

1 _1
(14+27¢")(1+ 2 *q")
1

(4.3.21)
The infinite product enumerates all states in the unconstrained state space. According
to our previous discussion, the derivatives of the supersphere constraints can be imple-
mented through a simple multiplication with the Euler function ¢(g). Our final formula
for the partition function of a volume filling brane in the non-linear sigma model at
R = o0 is indeed very simple.

4.3.3 Casimir decomposition of the boundary spectrum

The goal of this section is to expand the partition sum (4.3.11) of the volume filling
brane in terms of osp (4|2) characters. To be more concrete, we would like to derive
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explicit formulae for the branching functions 1K (g) in the decomposition

Z(q,Zl,ZQ,Zg) = ZA XK(ZI7Z27Z3> ¢K(Q) ) (4322>

where A = (j1, ja, j3) runs over the set (B.1.2) of integral highest weights for osp (4/2)
subject to the further condition that jo+7j3 be an integer. Here, the functions X (21, 20, 23)
are characters of the Kac modules? K, of osp (4|2). The latter form a basis in the space
of all characters so that the expansion coefficients are uniquely determined. Finding an
explicit formula for the branching functions ¥ (q) is the main result of this section. The
final expression takes the following form

q2j1(j1—1)—j2(j2+1)—j3(j3+1) e

( ) ( )3 Z (_1)m+nq%(m+4j1+2n+l)+%+j1

x <q(j2—g>2 _ q(j2+g+1>2) <q(j3—%)2 _ q(j3+g+1)2> .

K
w[j17j27j3] (q) =

Let us add a couple of remarks here. To begin with, the decomposition (4.3.22) of
the supersphere partition function has also been considered in the work of Candu and
Saleur [18,19]. In their context, the branching functions 1K are related to representation
spaces of the so-called Brauer algebra. The connection has interesting implications, but
it does not provide explicit formulae for 1/X. Our formula (4.3.23) has not appeared in
the literature before. In addition, we would want to stress that the decomposition of
the partition function into characters of Kac modules is a somewhat formal procedure
that does not fully capture the representation content of the spectrum, at least not for
the atypical sector of the theory. One may notice, for example, that some of the expan-
sion coefficients C/(\") in YR(q) = > C/(\")q" are negative. Only for typical labels A will
the numbers C'/(X") be positive. For atypical representations A, on the other hand, the
characters xK of the Kac modules have to be decomposed into characters of irreducible
atypical representations x as described in (B.2.11) in order to obtain branching func-
tions with non-negative integral multiplicities. We will have more to say in subsection
4.3.4 on the actual transformation properties of the fields.

Proof. We will show equation (4.3.23) in several steps. To begin with, we shall decom-
pose the partition function into representations of the bosonic subalgebra of osp (4/2).
Our second step then is to recombine bosonic characters into the characters of full
osp (4|2) multiplets. Once this is achieved, the resulting expressions still require some
resummation in order to bring them into a more appealing form.

In our computation, we shall split the full partition function into three different parts
and decompose them separately before putting all this together. We shall start with the
fermionic contributions in the numerator of the partition function (4.3.21). Apart from
the factors that arise from derivative fields, there are also two terms in Z, that account
for fermionic zero modes. We may simply set the parameter t to t = 1 in those two

4Again, see Appendix B.
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factors and combine them with the g-dependent terms in the numerators of eq. (4.3.21)
to obtain

oo o0

1 _1 1 1 1
(g, 2) = [[A+aa)Q+ag) = Q) [JO+2a™) (14270
n=0 n=0
1 _1 1 1 1 1 n n(n+1) n(n—1)
= ¢ (z 4+z4) — () = — ) _ (q 2 +qT)
b elg) é(q) ; 1
1 - n n n n
_ @ Z (qn(2n+1) _l_qn(Zn 1) —q( +1)(2n+3) _ q( +1)(2 +1)) Xn(z1)

ne

vz

Along the way we have used a number of simple identities® for f-functions. As a result,
all the fermionic contributions to the partition function have been decomposed explicitly
into multiplets of the even part of osp (4|2). Note that the two fermions transform non-
trivially only under the first subalgebra sl(2) and hence there is no dependence on z,
and zs3 this time.

The second piece of the partition function (4.3.21) that we would like to split off
concerns the bosonic zero modes, i.e. the denominator of the minisuperspace partition
function Zy. Its decomposition into bosonic representations is straightforward

) 1 —¢2
lim T 1 T 1 -
U= 222200 (1 — 222 2 (1 — 2,

T an(Z2)Xn(Z3) (4.3.24)

1 1 _1
z3t)(1 — 2, * 23 *1) nel

=

Note that the sum of characters on the left hand side encodes the well-known spectrum
of a bosonic 3-sphere S% = SU(2). Therefore we can just state this equality without any
detailed calculation. The commuting left and right invariant vector fields are generated
by the second and third copy of sl(2) within the even part of osp (4|2). Hence, there is
no dependence on the parameter z;.

It remains to analyze the g-dependent factors in the denominator of the partition

5See equation (C.1.3).
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function (4.3.21). Their contribution may be expanded as follows

o0
1 11
2 n
1—2, %25 q

[L(0 =0 -5 0 - 5 =ea -5t 51e)

n=1

— (ZZ2 2 Z 1)m(q%”<m+2“+1>—q%(m“”‘”)) x < N )

k l
2525 > ndm kntm g n—m n(n+1) n(n—1) m(m+1) m(m—1)
- T3 S () )
k,IEZ q n,m=1
k4127
_ n+m ") =gM(1 g1 -q¢"™™)
- Z Z g~ (K(ntm)+i(n—m)-+n(n—1)+m(m-1))/2 XE(ZQ)Xé(Z?’) :
k,l n,m=1
k+l§§N
. Since all

In the first line of the above computation we have used the lemma (C.1.1)
the contributions being captured by this computation are associated with bosonic fields

>~ sl(2) @

characters with a non-trivial z; dependence do not arise.
5 =

In order to obtain the decomposition of Z into characters of osp (4|2)
sl(2) @sl(2), we need to put the results from the preceding three computations together

into one expression. The answer contains products of characters which depend on the
same variables zo and z3. These products can be re-expanded with the help of the

following auxiliary formula

ng Xz (23) Z ak,lxg(zé)X%(zs)
p=0 k,leN
k+1e2N
(4.3.25)
oo min{k,p} min{l,p}

= E Xg Zz L E E E Q|k—p|+2r,|l—p|+2s

2
k,leN
k+1€2N

which holds for an arbitrary set of numbers a;;. When applied to the case at hand, we

find
1 F > m4+ n(nfl)_i_m(mfl)
Z= ——72"q,2) Y Xp(2)xu(zm) Y (-1) 2 2
¢(q)°n(q) e~ =
jarfs€ AN ’ (4.3.26)

J2+j3eN
x (1— qn+m)(q(n—m)(j2—j3) _ q(n—m)(j2+js+1))

Thereby, we completed out first task, namely to decompose the full partition function
Z into irreducible representations of the bosonic subalgebra of osp (4/2)
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Our next issue is to combine bosonic characters back into the characters of Kac
modules of osp (4|2). Since the even part of osp (4|2) is a subalgebra of osp (4]2), it
is clear that the characters of osp (4|2) Kac modules, possess a decomposition into
characters of the bosonic subalgebra. These decomposition formulae may be inverted
such that bosonic characters can be written as infinite linear combinations of osp (4/2)
characters. All necessary details are provided in Appendix B. The resulting expression
for the partition function Z is of the form (4.3.22) with

oo X0

1 = n(n—1)  m(m—1)
8 o (q) = 75 E E 1)t g2 G2 2O 4 =)
[J1,52,73] n(qQ)o(q)?

k=0 m,n=1 1=0

k
X Z g (1 — gy (gl g nmm) (st

r,s=0

g1+ 552 (k42141) — 1+ 2 (py21-1) 55143+ EE2 (k4 2145) 3514+ 52 (k+214-3)
2 —'— 2 q 2 2

X[q q -9

2]1 Ji—1) o

o0
k (2/k|+41+1)+ EL (k)= 1) +1(20+2]k| -1 E|+2042§
— 32 Z th\|++ 5 ([k[=1)+(20+2| k| )(1_q\|+ +31)

m,n=1k=—o0 =0

X(_l)mﬁ-nq@_kwq(n—m)k(l . qn+m>(q(n—m)(j2—j3) . q(n—m)(j2+j3+1)> )
We will now make several transformations and resummations in order to cast this un-
wieldy expression into the form (4.3.23) we have spelled out above. Making the substi-
tutionn+m=r+2n—m=s withr € Nand s = —r,—r 4+ 2,...,r, using the trick
(C.1.4) and then substituting » — r + 1 gives the result

2j1(j1—1) X X _

_ 49 vk g1 (20| 1)+ ELUE=D L popy o)k |+45,—1) [ [k|+214+241

Koy = T (1) g : QKB

n(@)o(q)* 4 2 ( )

—oo 1,l=0

el (qrrDG2—dsth) | (r+D(dotismh) _ g+ (atistLak) _ (r+1)(=da—js=1-K))

xq —4q

In order to simplify the sum over r, we now need to split the summation over k into
three parts, according to whether it is positive, zero or negative. We then recombine the
summations over positive and negative k into a single sum and employ another auxiliary
formula (C.1.5) from appendix C.1 to find

.y ey o 1 X = L
N (q) = q211(11—1)—Jz(Jz+1)—Js(Js+1) Z Z (1) g5+
[.]1,]27]3] n(q)¢(q)3 L L

% (q(j2—§)2 _ qu2+g+1>2) <qu3—§>2 _ q(j3+g+1>2> [qz(zzwl—l)(l + g2

LIS .
+Z gt (2R )+ QL 2k g1 =1) (] ret 1) (o (r+ 1) (1) _l_q—(r-i-l)k)] ‘
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Once again we need to rearrange the sum over k. Terms can be combined into a single
summation if we let [ run over half-integers rather than integers. Making the substitu-
tions [ — 2m and r — n, leads to the formula

q2j1(j1 1)—j2(je+1)—js(iz+1) =

Z Z m+n+k 7”(m+4j1 D+5+i1
n(q)é(

n,m=0 k=—o0

K _
¢[j17j27j3](q) -
v (Q(j2—2> e ) <q<j3—%>2 _ q(j3+g+1)2> g H@itm)+ G

It is advantageous to split the summation over k again depending on whether k£ is
negative or non-negative. Then we substitute r for the sum r = m + k and s for the
difference s = m — k. After some rather trivial but tedious steps we can thereby bring
YK into the form

q2j1(j1—1)—j2(j2+1)—j3(j3+1) s

n(q)é(q)?

(_1)m+nq7 (m+4j1+2n+1)+5 +i1

K
Vi o) (@) =

n,m=0

X <q(jz—%)2_q(jz+%+1)2> <q(j3—%)2_ Jat2+1) ) Zq—s (n+1)

It is left to the reader to use lemma (C.1.2) in order to show that this is equal to the
formula (4.3.23) we spelled out at the beginning of this section. O

In the end, we are have one important remark left to make, namely that the de-
composition (4.3.22) in no ways implies that the states of the theory transform in Kac
modules of osp (4|2). While this is certainly so for typical representations, we have a
priori no way of knowing how the atypical ones combine to form possibly quite compli-
cated indecomposable structures. For us, the characters of Kac modules were simply a
convenient basis to use in the partition function.

4.3.4 Cohomological reduction

In the last section we arrived at the conclusion that one can write the partition function
of the volume filling brane in S at the infinite volume limit as

=1 = Z XAVA (g Z xa¥a(q) (4.3.27)

AeT+ AeT+

where A € T't runs over all osp (4|2) weights allowed by (B.1.2) for which the sum
Jo + js is an entire number. Here, x5 and xK are characters of irreducible, respectively
Kac modules and the character functions ¥ (q) are shown in (4.3.23). As we argued
before, the decomposition in Kac modules is correct only at the level of characters
and has the effect of causing the branching functions for atypical weights to have some
negative coefficients in their g-expansion. It was shown in [19] that the partition function
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is properly decomposed in the characters of the trivial Ay, adjoint Ag;, symmetric
traceless tensors of the fundamental A,y and projective covers. We claim that Z can be
rewritten as

-

Zgt,M:1 = q

1/ 1 1 1/ 1 1
[5 <@ " ¢*(Q)> oo T3 (@ - <Z>*(q)) Xhoa ZXA"O
+ ) Xheh() (43.28)

Aer+

where X% are the characters of the projective modules associated to the weight A and
the character functions 9% (¢) have non negative coefficients. Using the formula (B.1.12)
given in appendix B, we arrive at the following expressions for the character functions
of the projective covers for atypical weights for which the quadratic Casimir is zero:

o B 1 K q_i 1 1
¢A0,O(Q) - 5 ¢A00 Z wAO” 2 (Cb( +¢*(q))_

q)
P _ 1 i K K _ q_élZ ( 1 B 1 )-
¥ (4) 3 | Vel Z )"0 (@) 2 \o(a) ¢/ |
R (@) = D (=)™HR (q) forl>2. (4.3.29)
n=I[+1

For the other atypical weights, the expressions are as follows,

oo o0

Wi = SO0 ()= (=) (q) for k> 1

n=1 n=1
[e.e]

Uho(e) = D (=D)"E (q) fork>1,1>1

n=Il+1
oo

Uho (g = D (=M (g) fork>1,1>1, (4.3.30)

n=Il+1

while for typical weights, we of course have § = K. In chapter 3, we argued that
the cohomological reduction of projective covers is null. Furthermore, due to (3.1.60),
the reduction of the atypical irreducible modules [A,, o], [Ag1] cannot be zero, since
their superdimension does not vanish. In fact, [A, o] reduce to the traceless symmetric
representations of rang n of O(2), whereas [Ag ;] reduces to the adjoint. Therefore, the
cohomological reduction takes (4.3.28) and turns it into (4.2.5) for R — oo. Towards
the end of this chapter, we will convince ourselves explicitly that the reduction is valid
for all values of the radius.
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4.4 The OSP(4]2) GN

The main point of study of this section is the osp (25 + 2|2S) Gross-Neveu models that
we have conjectured to be dual to the supersphere sigma models. Our first stop is the
free bulk theory defined by the action of (4.1.8). After a brief discussion of the bulk
spectrum, that is the spectrum of worldsheets without boundaries, that is valid for all
M, we specialize to M = 1 and express the bulk partition function through characters
of the model’s affine 6sp(4|2) symmetry at level k¥ = 1.5 Then, in section 4.4.2, we
single out one particular symmetry preserving boundary condition and write down its
spectrum, which we then decompose according to the action of the global osp (4|2)
symmetry. Once such a Casimir decomposition has been performed, we can apply the
results of [34] and determine the boundary spectrum throughout the entire moduli space
that is generated by the deformation (4.1.9). We show that as the coupling constant
tends to infinity, we recover precisely the spectrum of the volume filling brane in the
sigma model on the supersphere S32. The principle of cohomological reduction, then
allows us to spell out a relation between the Gross-Neveu theory coupling g and the
radius R of the non-linear sigma model.

4.4.1 Construction of the free bulk theory

Before we plunge into the discussion of the spectrum and symmetries of the free Gross-
Neveu model (4.1.8), it is useful to recall the case M = 0, which is the fermionic
description of the free boson. As is well known, the compactified free boson at radius R =
1 is equivalent to an orbifold of the free field theory of two real fermions. Individually,
each of the two fermionic fields is equivalent to a copy of the Ising model with central
charge 1/2. In order to ensure that only sectors to contribute are those in which both
fermions obey the same periodicity boundary conditions, the two factors need to be
coupled by an orbifold construction. The details of this are discussed in the next few
paragraphs.

We start with the critical, i.e. conformal, Ising model and recall that the Virasoro
algebra with ¢ = 1/2 possesses three simple sectors, which we shall label by the conformal
weights of their ground states, i.e. through [0],[1/2] and [¢] = [1/16]. The character
functions of these sectors read as follows,

SC\E(Q) = %(\/%_'_(_1)26\/%) ) 5(\0((]) = 3_727 (4'4'1)

with the notation € = 0,1/2. The product of two Ising models contains a special sector
0 =[1/2,1/2] of conformal weight one, that generates an abelian group Oy = Z, in the
fusion ring. The two elements of this group are called simple currents since their fusion
with an arbitrary representation always yields a single contribution. As recalled in [42],

6The discrepancy between our value k¥ = 1 and the k = —1/2 that appears in the work of Candu
and Saleur is entirely due to different conventions.
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the corresponding simple current orbifold model is equivalent to the compactified free
boson at radius one.

Figure 4.5: The action of the group of simple currents maps the sector 0 to % and leaves
o invariant. Therefore, on the fields that have zero monodromy in the tensor product
of two Ising models, the orbits will take the form depicted by the blue arrows above.

The construction of the simple current orbifold proceeds in several simple steps.
First, we need to list all sectors [J] of the theory which possess integer monodromy
charge:

Q(0) i=hy + ho — hoxs €Z Yo €Dy . (4.4.2)

These [J] are then organized into orbits O, under the action of the simple current group
o, with each such orbit O, contributing one term to the partition function of the
orbifold model, with a coefficient |Og|/|O,| that is given by the ratio between the order
|Oo] of the orbifold group and the length |O,| of the orbit”. Here, as depicted in figure
4.5, there exist five sectors that have integer monodromy charge, namely [€1, €2] with
e; €40, %} together with [0, o]. The action of D organizes them into three orbits, two of
length two and one that is left invariant by fusion with 0. Consequently, the associated
simple current orbifold invariant takes the form

orb(9 ~ ~ 2 ~ ~ 2 —~ 2
ZIsin(gzO)(q) = Z?F:o(@l) = ‘X(o,o)+X(1/2,1/2)} +\X(o,1/2)+x(1/2,0)\ +2\X(M)} . (4.4.3)

The characters on the right hand side are products of characters of the ¢ = 1/2 Virasoro
algebra, for example X(,1/2)(¢) = Xo(¢)X1/2(¢). According to the claims we stated
above, the simple current orbifold (4.4.3) agrees with the free boson compactified at
radius R =1,

1
n(q)[?

The interested reader can find the detailed proof of (4.4.4) in [41] or [42]. Our aim now
is to extend equation (4.4.4) to the case M > 0.

1 n w _1 n—2aw =
Zirso(a) = S grtRergEme? o 7R gy (4.4.4)

n,WEZ

See for instance [55]
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For M > 0, our theory (4.1.8) is built of 2M + 2 real fermions and of M free
[3-systems® with central charge ¢ = —1. In order to have osp(2M + 2|2M) global
symmetry, it is imperative that all these fields obey the same periodicity conditions on
the boundary, i.e. they have to either be all periodic or all anti-periodic. Before we
spell out the relevant bulk partition function, we need a bit more background on the
(By-systems.

As in the case of real fermions, we shall consider sectors which differ by the choice
of boundary conditions on the fields 3 and . For that, we introduce a family of ground
states |v) for v € %Z that are characterized by the conditions

1
Brivlv) =0 , vy =0 for r € N+§ : (4.4.5)
From these ground states we generate the corresponding sectors by application of raising
operators. Assigning charges gg = 1/2 and ¢, = —1/2 to the modes of the fields 3 and
7, respectively, and g, = v/2 to the ground state |v), the generating function for the
sector v reads,

Iy 1 _ "y
o (L—y2q 2 ) (1 =y 2g"t2™)  Oalg,y'q7)

(4.4.6)

n=

All the constructed sectors carry an action of an affine SAI(Q) current algebra at level
k = —1/2. One can easily see this symmetry by constructing the currents with the
fields 3 and ~ as follows”:

Bl) = 3, ') = —5 (B0)(), B = —37%2) . (447)

Consequently, we can decompose the generating functions (4.4.6) into characters of
irreducible representations of sl(2)_1/2. In case of X, for example, the decomposition
is given by

n(q) ~k=—1/2 =—1/2

~(0 o o ~k=
Dg,y) = (g9 Xo (4, 9) + X1 2

X (¢,y) - (4.4.8)

The two characters on the right hand side belong to irreducible highest weight repre-
sentations with lowest weight h =€ € {0,1/2},

~k=—1/2 _ n(q) 1 4(—1)2 1
Xe (4:9) 2 | 04(q,y'?) (=1) 05(q,y'/?)

(4.4.9)

Let us note that the ground states transform in representations of spin €, which in this
case is identical to the conformal weight of the primary fields. Similar decomposition

8See [56] for a detailed analysis of this rather unusual CFT in the context of our work.
9The superscript 1 will become clear later on
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formulae exist for all the other functions (4.4.6), which are all related by the action of

spectral flow automorphisms. In particular, for the v = % case of (4.4.6) we have

~(1/2) ~k=—1/2 ~k=—1/2

X = XU;—l— _'_XO';— Wlth
_ 1/4 1 1
e vy n(q
m Pay) = @ (4.4.10)

2 01 (g, 712~ 60(q,y71?)

The two characters on the left hand side belong to the two irreducible lowest weight
representations of the current algebra with spins 1/4, respectively 3/4 and conformal
weights —1/8. The subscript o refers to the fact that despite appearances, these repre-
sentations have a lot in common with the o sector in the free fermion theory as we shall
see later on.

As explained for instance in [56], the spectral flow automorphisms of the algebra
s1(2)_4 /2 act on the modes of the currents as follows

k
H'w— H! — §w5n,0 Ei,— E}, . (4.4.11)

where w is an integer. These automorphisms map representations of SAI(Q)_l /2 onto each
other, as illustrated quite plastically in [57].

We are now ready to discuss the relevant bulk modular invariant for the theory
(4.1.8) for M greater than zero. Let us begin with the product of M [(7-systems and
2M + 2 real fermions. This theory contains a group ), of simple currents that consists
of all elements o of the form

3M+2
0 = [€1,.. . €r; €011, -+, €E3m40] With € € {0,1/2} and Z € = 0mod1 .

i=1

The first M entries of o denote sectors of the Fv-system while the remaining ones are
representing sectors in the Ising models. Together, the elements o generate the abelian
group 9,y = Z3M+H1,

Let us first deal with the sector involving representations with zero spectral flow,
or v = 0. Under the action of O);, the sectors with vanishing monodromy charge split
into two orbits of maximal length. Hence we are led to the following contribution to the
partition function,

ZGN

2 2
oGy, - ym) = ‘ZUEDMSC\OX[0,...,0;0,...,0] _'_‘ZOGDNIS(\OX[07...,();0,...,0,1/2} . (4.4.12)

However, the total theory has to be invariant under the spectral flow symmetry, so that
we must also add twisted contributions Z?ﬁ, It was already mentioned above that all
the bosonic ghosts and all the fermions have to have identical periodicity conditions
in order not to spoil osp(2M + 2|2M) symmetry. Consequently the spectral flow must
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act diagonally, that is simultaneously on all sectors, by half-integer shifts.!® In the
fermionic factors, spectral flow by v = 1/2 brings us to o-representations. Integer units
of the spectral flow, however, do not give anything new. In the ghost sectors things
works differently because the application of a diagonal spectral flow leads to an infinite
number of new representations constructed from the ground states |v) for v € 1Z. Since
the orbits of the half-integer spectral flow representations possess a stabilizer subgroup

of order 22M*! with respect to the action of Oj; we finally end up with the partition
function
ng(qayh"'vyAf) = j{: ZA{y(q yh"'7yNU
VE%Z
( ) ’
VEZL

M 2

H q ya 2(q ))2M+2

+_2%W+1 j{:

u€Z+2

Here, the superscript (v) on a function f(y;) of M variables y; is defined through the
prescription f0)(y;) = ¢~/ f (yig™*").

After this set of general statements, we can specialize the rest of our analysis to the
case M = 1. The state space of our orbifold theory can be equipped with the action
of an affine 6sp(4]|2) Lie superalgebra, whose bosonic part is the direct sum of three
bosonic sAl(Q) algebras, two at level 1 and one at level —%. We have already spelled out
expressions for the first set of sl(2) currents in equation (4.4.7) above. The currents
associated with the other two copies if sl(2) take the form

Ei(z) = 2— [(%%) (%%)ii((%%) (V2¢)3) )] (4.4.13)
() = o (i) + (b)) . HYD) = o () — (010))
Ei(z) = % [(W11s) + (hata) £ ((V1t0a) — (Ya2t0s))] (4.4.14)

They generate two commuting copies of the current algebra sAl(2)1. In addition, we can
introduce the eight fermionic currents through the following expressions

FT(z) = iB (Y3 + i) (2) F™7(2) = iB (v —ith) (2) ,
F7(2) = B (Y1 +ith) (2) FH(2) = B (Y1 —ith) (2)

10Tt is worth mentioning that these diagonal spectral flow transformations are also the only ones
which commute with the action of the orbifold group. Note also that half-integer spectral flow on
ghosts and fermions implies integer spectral flow on the currents such as those defined in eq. (4.4.7)
and below.
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and similarly for FF~*%(2) with the field 8 in the above formulae exchanged with .
Observe that all terms that contribute to the seventeen currents are quadratic in the
basic fields. Since by construction these basic fields are either all in the periodic or
anti-periodic simultaneously, the currents must obey periodic boundary conditions on
the entire state space. In order to rewrite the partition function of our bulk theory in
terms of affine 6sp(4]2) characters, we recall the following formulae for characters of an

SAI(Q) currents algebra at level k& =1,

93((]272) k=1 5 = 92(q2az)
nq) N (@.2) = 1(q)

The lower index j = 0, 1/2 now denotes the spin of representations of the sl(2) current
algebra. In terms of characters of the bosonic current algebras, the orbifold partition
function reads

g, 2) =

ZM 1 Q7ZZ Z ‘Xooo Q7ZZ XEE

V=—00

+ Z ’X(o

V=—00

(4.4.15)

2

Q7 Zz + XE )(Q>Zz)

’2’5

where the action of the spectral flow involves the first variable z; = y only and we have
defined

~ Ak:_l ~k= ~k=
NGz (@ 20) = Xj, *(a:21) X5, '(@.22) X5 (g, 28)
To compare the formula (4.4.15) with our previous expression (4.4.13) one has to spe-

cialize to 2o = z3 = 1. Going one step further we can combine characters of the bosonic
current algebra into 0sp(4|2); characters according to,

X3 (2,2) = X00)(q ) + X2,

%7%7%)((], zi) (4.4.16)
55{1/2}(% z) = 56\( %%)(%%)4‘)((1 oo)(q, Zi) . (4.4.17)

The primary fields in X0}, respectively X; 1 transform in the trivial, respectively fun-

damental representation of the horizontal subalgebra osp (4]2). Alter all this toil, the
results of this section may be summarized succinctly via the following simple formula

e 2
GN. )
Z Cbzz Z ’X{o} q, Z, + Z ‘X{l/g}(szi)

V=—00 V=—00

, (4.4.18)

i.e. the orbifold partition function is the charge conjugate modular invariant partition
function for the sectors {0} and {1/2} of the 6sp(4]2); current algebra. It is remarkable
that spectral flow relates all the representations occurring here and that the fusion is
purely abelian [56]. In contrast to some of the other WZNW theories on supergroups, as
shown for instance in [43,58-60], this guarantees the existence of an irreducible theory
whose correlation functions have no logarithmic singularities. However, by fermionizing
the B~ systems and keeping additional zero-modes, however, one can, if one so wishes,
construct a logarithmic lift of the theory as in [61] or [59].
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4.4.2 Boundary conditions and their spectra

In the next step we wish to discuss boundary conditions in the bulk orbifold theory that
we constructed in the preceding section. In doing so, we will focus on a particular brane,
the choice of which could seem ad hoc initially. However, it will turn out later on that
the spectrum of this brane will be deformed by the interaction (4.1.9) into the spectrum
of space-filling brane of the sigma model. As before, we treat the cases M = 0 and
M =1 in some detail and postpone comments on higher values of M to the following
section.

In the case of zero M we need to construct a brane in the orbifold (4.4.3) which
corresponds to a Neumann brane in the free boson theory at large radius. Fortunately,
in this case the deformation is well known. Proceeding backwards from the infinite
radius to R = 1, we pass the self-dual radius where Neumann and Dirichlet branes
cannot be distinguished and get exchanged by T-duality. Consequently, the brane we
would like to describe in the free boson theory at R = 1 is the Dirichlet brane which
has the spectrum

93(Q)
n(q)

Zo(R=1,q9) = Zsz) = (4.4.19)

WEZL
Our task now is to show how the same spectrum can be obtained from the orbifold
model.

The Ising model is the simplest of the Virasoro minimal models, and it has precisely
three different conformal boundary conditions, one for each of irreducible representations
[0], [1/2] and [o] = [1/16]. Here and in the following, we shall label boundary conditions
and sectors by the same symbol. As shown in [62], the spectrum of excitations between
any two of these boundary conditions is described by the respective fusion rules. In
order to make contact with the bosonic description, let us rewrite the partition function
(4.4.19) with the characters (4.4.1) of the two Ising models. Simple manipulations lead

to
93((1)
n(q)

This spectrum can be considered as the orbit of the sum [0,0] @& [0,1/2] under the
action of the orbifold group ©y. Since [0,0] & [0,1/2] is precisely the fusion product
[0,0] x [0,0] we conclude that the desired point-like brane at R = 1 descends under
the orbifold construction from the boundary condition [0, o] in the product of two Ising
models. This conclusion is fully consistent with the free fermion construction of the
bosonic current J ~ 111, of the R = 1 model. In fact, as is well known, the boundary
label [0, o] corresponds to the gluing conditions

Z@(R = 1,(]) =

= X00) + X1/2,1/2) T X01/2) + X(1/20) - (4.4.20)

Pi(2) = —U1(2) Vo(2) = 1h3(2) (for z = 2) (4.4.21)

in the underlying free fermion description. The sign in the gluing condition for the first
fermionic field is associated with the non-trivial boundary label [o]. It implies that the

90



4.4. THE OSP(4]2) GN 91

current J ~ 119, satisfies Dirichlet boundary conditions J = —.J all along the boundary.

We can now turn our attention to the case M = 1, for which we focus on a brane
which is associated with the twisted gluing conditions

JHz) = JY2) , J2) = JP(z) , JP(2) = JX(2) (4.4.22)

for the bosonic currents J* = E't* all along the boundary at z = z. The underlying
gluing automorphism 2 permutes the second and third copy of sl(2) in the bosonic sub-
algebra and it is easily shown that {2 extends to an involution on the entire superalgebra
osp (4]2). The corresponding gluing conditions for fermionic currents read,

F¥%(2) = F&%(2) F&%F(2) = FFE(z) . (4.4.23)

A quick look back at the free field realization of the currents (4.4.13) suggests to im-
plement the boundary conditions (4.4.22) and (4.4.23) through the following gluing
prescription for the fundamental field multiplet,

Ui(z) = —ti(2), Yi(2) = %i(2) (#1), Bu(2) = Bul3), 7a(2) = Fal2) -

Indeed, equations (4.4.24) reproduce the permutation of currents displayed in equa-
tions (4.4.22) and (4.4.23) upon insertion into the expression (4.4.13).

Just as in the case M = 0 above, having a non-trivial gluing condition for the fermion
is associated with the occurrence of the brane label ¢ in the Ising model description.
Hence we propose that the desired orbifold brane may be constructed from the brane

B :=[0,0:0,0,0,0] (4.4.25)

in the covering theory. The spectrum for the latter is again given by fusion, and taking
the orbit with respect to the orbifold group £; one easily arrives at

Z%I;\IM=1 = Z [%X[O,O;O,O,O,O}+>A(~/x[0,o;o,1/2,o,oﬂ . (4.4.26)

YEDL

For later convenience this result may also be rewritten in terms of irreducible characters
of the underlying bosonic current algebra, leading to

Zar—1(4:2) = X000 T X2, T X220 T Xtoo = X() + Xz - (44.27)

In the second step we have combined characters of the bosonic subalgebra into characters
of the full 6sp(4]2);, using the formulae (4.4.16) and (4.4.17). The spectrum of the
orbifold brane preserves the affine Lie superalgebra, as desired. We also note that our
partition function Z%lfM:l(q) is identical to the one that appeared in the work of Candu
and Saleur [18,19]. We shall now see that it is related through a deformation to the
partition function of the volume filling brane in the sigma model.
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4.4.3 Casimir decomposition in the free GN model

Having found the full spectrum of an osp (4]|2) symmetric brane in the free field theory
(4.1.8), our next task is to expand it in terms of the Kac module characters xX. In other
words, we need to find the branching functions ¥ (q) in the decomposition,

Z = Z%I;\Ile(qui) = ZA XK(217Z2723> ¢K(Q) : (4428>

In appendix C.2, we explicitly decompose this partition function in characters of simple
modules of osp (4|2) up to order ¢'3/2. The range of A = [jy, js, j3] is the set of allowed
weight!! in T'" for which j, + j3 € Z. The expansion (4.3.22) is of the same form as
the one we found for the sigma model at R = oo, with only the branching functions 1)K
being different. Our analysis will show that they read

( 1)n+mq 5 (m+4j1+2n+1)+j1+5
n(q)¢*(q) n,%;o (4.4.29)

. 1
K
Vi o) (@) =

x (qU2) — qUzta )y (gUs=3)* _ gUst3+1D%)

Before we derive this formula, we wish to comment on its implications. A short look back
to formula (4.3.23) reveals a remarkable similarity between the two branching functions
of the partition functions Z of the sigma model at infinite radius and Z of the free fields
theory (4.1.8). In fact, they are identical up to an overall prefactor,

_l . . . ~
Uy sl (@) = q 2 @I G (@) (4.4.30)

where the value of the quadratic Casimir was given in (4.3.1). Right now, one may
be forgiven for thinking that this equation is simply an amusing observation about
a fortunate similarity between the two Casimir decompositions. Our task is now to
explain, why (4.4.30) is no coincidence and how it relates to the claim that the boundary
spectrum for the sigma model at R = oo may be obtained by the current-current
perturbation (4.1.9) from the free field theory (4.1.8).

Prior to that, we still need to prove (4.4.29). In order to calculate the branching
functions ¥ from the partition function Z, we proceed as in subsection 4.3.3. In a first
step we shall expand Z in terms of characters of the bosonic subalgebra osp (4/2);. Then
we combine the bosonic building blocks into characters of Kac modules for osp (4]2). The
resulting expression for the branching function will require only very little additional
analysis in order to cast them into the form (4.4.29).

Proof. The decomposition of Z into bosonic characters departs from the representation
(4.4.27) of Z and then employs the following expansion formulae for sl(2) characters into

HSee equation (B.1.2).
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sums of characters of sl(2),

1 9]
k==1 q24 m m
% tew) = oo 37 x(2) Y (1)mg B (1 2 (4.4.31)
q k€N+a m=0
Vr= 1 m m
Wlew) = — Y xm(2) (q s “)2> (4.4.32)
n(q) meN+a

where a € {O, %} From the equality (4.4.27) and the two decomposition formulae
(4.4.31) and (4.4.32) it is clear that Z can be written as

Z = Z X(j17j2,j3)(217 22, 23) @581,]‘243)((]) (4.4.33)

(41.2,8) €L N3
J2+j3eN

where X(j, j».js) are the characters of the irreducible representations of osp (4/2);, as

before, and the branching functions ¥ are given by

oo

(_1)m q%(m+4j1+l)+j1 (1 o q2m+1)
=0 (4.4.34)

x (g% — qUtD?) (g5 — qUstD?y

.
w(jhjij)(Q) N 77((])¢3(Q)

Before we proceed let us note that the branching functions IZE possess the following
important symmetry properties necessary for a proof in Appendix C,

7B 7B 7B 7B
¢(j1,j27j3)(q) = _w(—jl—l,jg,jg)(Q) = _¢(j17—j2—1,j3)(q) = _w(jhjz,—jg—l)(Q) . (4-4-35)

These imply in particular that w(le, i, jg)(q) vanishes identically if any of the spin labels
Ja is equal to j, = —1/2. As in our analysis of the sigma model’s partition function
Z in subsection 4.3.3, we can express all characters of representations of the bosonic
subalgebra as infinite linear combinations of the characters of Kac modules. The required
formulae can be found in Appendix B.2. With their help we now arrive at the following
result for the branching functions 9X:

e e}

- 1 . "
wK o) = ————— 1) tm qf(m+4jl+1)+]1+mn+§ 1— q2m+1
() 1(q)#%(q) n,mzzo( ) ( )
(3]
) 3 (g st _ gUat skt )ty (s 5 tR)? g Ust gkt D))
k=0
1 > n
- - —1 n+mq?(m+491+2n+1)+]1+ 1 — q2m+1
1(q)¢*(q) WZ:O( ) ( )

X(q(jz—%F _ q(jz+%+1)2) (q(jg—%)2 33+ +1)2 Zq(2m+1
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The sum over k at the end of this formula is a simple geometric series which cancels the
last term in the first line, thereby recovering the expression (4.4.29). O

4.4.4 Deformation of the spectrum

The main result of our analysis so far was summarized concisely in eq. (4.4.30). In
order to fully appreciate its content, let us review a few results from [34]. In that paper,
the deformation of conformal weights was studied for the WZNW model on PSL(2|2).
Many of the central results of [34], however, hold much more generally for models whose
symmetries are described by an affine Lie superalgebra with vanishing dual Coxeter
number.

To begin with, let us specify the bulk perturbation we would like to consider. As we
shall argue momentarily, it is generated by the field,

O = R ()] (2)) (4.4.36)

where the summation extends over all 17 bosonic and fermionic directions. The auto-
morphism {2 we inserted here is the same as the gluing automorphism that was defined
implicitly through our gluing conditions (4.4.22) and (4.4.23) in section 4.4.2. Note that
the perturbing operator ® breaks the global symmetry from osp (4]2) ® osp (4/2) of the
free GN model (4.1.8) to the twisted diagonal subalgebra. In other words, the sym-
metry transformations of the perturbed model are generated by elements of the form
X ®1+4+1®Q(X). This means that any perturbing operator of the form & preserves
half of the global bulk symmetries. What depends on the choice of the automorphism €2
is the precise set of transformations that is preserved. Similar statements can be made
about boundary conditions. As we discussed in section 4.4.2, the boundary theory we
put forward to compare with the boundary spectrum of the sigma model required to
select a non-trivial gluing automorphism €2. If this gluing automorphism would differ
from the automorphism €2 in the definition of ®, then the boundary condition and the
deformation would preserve different sets of symmetry generators. Hence, the deformed
boundary theory would no longer possess a global osp (4]|2) symmetry. Such a theory
could be conformal, but it cannot be equivalent to the boundary sigma model. There-
fore, we know that the perturbing operator ® must involve the same automorphism 2
that appeared in the gluing condition for currents at the boundary. An explicit for-
mula for the operator ® in terms of free fields is derived at the end of appendix D. The
resulting expression agrees with the formula (4.1.9) for 8™ that we anticipated in the
introduction.

Having specified the deforming operator, we are now ready to discuss the properties
of the deformation it generates. Here we shall closely follow the the recent analysis in [34]
that we discussed in the last part of chapter 1. Everything we shall claim below is based
on a rather simple mathematical result that was first formulated and exploited in the
work of Bershadsky et. al. [15] for psl (N|N), but holds equally for osp(2M + 2|2M).

To evaluate the change of conformal weights away from the free GN model, we per-
form a perturbative analysis of 2-point functions in our theory. In any such computation
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of perturbed correlators, the initial step is to remove all the current insertions through
current algebra Ward identities. In the process, pairs of currents get contracted using

p ek ok
P w) = L0 gow) +

— EET R (4.4.37)

The first equality is the usual operator product for osp (4]|2) currents. Since we are
only interested in computing the invariants h, we can, as argued in 1, forget about
all the terms that involve the structure constants f of the Lie superalgebra osp (4/2).
This applies to the first term in the above operator product which distinguishes the non-
abelian currents from the abelian algebra of flat target spaces. Here and in the following
we shall use the symbol ~ to mark equalities that are true up to terms involving structure
constants. In conclusion, we have seen that, as far as the computation of conformal
dimensions is concerned, we may neglect the non-abelian nature of the currents J#. The
remaining non-zero terms correspond one by one to terms in the radius deformation of a
compactified free boson. Hence, they can be regularized and summed as in the abelian
case, which is well explained in [63].

In [34] several other statements were needed to study a deformation that preserved
simultaneously both left and right global symmetries. The perturbation (4.1.9) we
consider here, however, is of a much simpler type. We can therefore directly move on
to evaluate the conformal dimension of boundary fields. Unlike in [34], the following
arguments apply to all boundary conditions, as long as they preserve the affine 6sp(4/2)
symmetry. It does not require any further assumptions on the localization of the brane.
Let ¥ be some multiplet of boundary fields transforming in a representation [A] of
osp (4]2). We denote by ho(¥) the conformal weight of U at the WZ-point. Upon
deformation with the field (4.4.36), the weight of U behaves as a free boson state in
(4.2.9), namely

2
h(¥) = ho(¥) — %%92 Cas(A) = ho(V) +% (% — 1) Cas(A) (4.4.38)
where Cas is the quadratic Casimir element of the Lie superalgebra osp (4]2), as before.
Here, just like in subsection 4.3.4, the cohomological reduction allows us to find the states
that belong to the free boson sector, so that we obtain the identification R? = 1 + g2
In figure 4.6, we illustrate how the Casimir evolution affects the lowest lying fields of
the Gross-Neveu model. )

Through the Casimir decomposition (4.4.28) of the boundary partition function Z
we have separated all boundary fields according to their osp (4|2) transformation law.
This now allows us to evaluate the shift of conformal weights for entire blocks rather
than individual field multiplets. More concretely, the conformal weights of all fields that
are counted by the branching function @El Jajal undergo the same shift by!?

1 92 2
4t C .. _
21_'_92 as[j17j27.]3] 1+g2

5g(h) =

(2j1(j1 — 1) = jo(jo + 1) — j3(js + 1))

12Let us recall that all irreducible multiplets that can be tied together in an indecomposable repre-
sentation must have identical Casimir eigenvalues, see appendix A.
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h“
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fundamental
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\ Functions on the sphere
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Free GN model Free sigma model

Figure 4.6: The basic fields (v, 84,7.) of the Gross Neveu model become under the
deformation the fundamental fields X* = (x;,7,) of the supersphere o model.

upon perturbation with ®. Thereby, we can spell out the boundary spectrum of the
perturbed model for any choice of ¢ = R? — 1,

~ _ 1

y q(l_%)(2j1(jl—1)—j2(12+1)_j3(j3+1))1z§17j27j3} () -

For irrational values of the parameter R, the boundary spectrum is rather rich, contain-
ing irrational conformal weights. But as we reach the special value R = oo, all conformal
weights become integers. Equation (4.4.30) tells us even more: At this particular point,
the perturbed boundary partition function coincides with the partition function Z of
volume filling branes in the sigma model on the supersphere S? in the limit R — oo.
For a few selected multiplets, the deformation from R = oo to R = 1 had been carried
out in [19]. By performing the Casimir decompositions explicitly, we were able to extend
such studies to the entire spectrum.

4.5 Generalization for higher dimensions

The aim of this section is to outline how the previous analysis may be extended to
higher dimensional superspheres. We shall provide explicit formulae for the relevant
boundary spectra of the sigma model at R = oo and for the free field theory (4.1.8).
The latter are expressed in terms of characters of the affine 6sp(2M +2|2M) superalgebra
at k = 1. Note that the level does not depend on M. Since we have not attempted
to construct the branching functions ¥, and 1, for the decomposition with respect to
the global osp(2M + 2|2M) symmetry, we shall content ourselves with a few non-trivial
tests. These are discussed in the second subsection. We believe that a full analysis, as
in the case of M =1, is possible but cumbersome.
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4.5.1 Partition functions for superspheres at R = 1, 00

The first task is to spell out the spectrum of the sigma model with Neumann boundary
conditions at R = oo. It turns out that our formula (4.3.21) for M = 1 admits the
following straightforward generalization,

oo M n -1 n
o -5 m= 1 + mq 1 + m q
Z = ¢35 Z8o(g) [ HM+11( Ynd )L+ Y 0") (4.5.1)

wo ILD (U= g (L =)
Here again, the subscript 91 stands for Neumann boundary conditions and the minisu-
perspace contribution is given by
M _
m:l(1 + ymt)(l + ymlt)

pon (L= at) (1 —ai't)

z(M = lim (1 — t2)H (4.5.2)
As before, the factor Z(()M) describes the space of functions on S*?™+112M = Ag mentioned
above, we have not performed the analysis of subsection 4.3.3 for the more general
partition function Zg,,, though this would surely be possible.

Next let us turn to the free GN model (4.1.8). Large parts of our analysis of the
bulk spectrum were already performed for generic M. Once more, the theory possesses
an affine 6sp(2M + 2|2M) symmetry with level k& = 1 (see appendix D for an explicit
construction of the generators in terms of the basic fields). The bulk theory can be
shown to possess a symmetry preserving boundary condition whose spectrum closely
resembles equation (4.4.27). Before we are able to spell out the details, we shall quote
from [42] the following expressions for characters of the affine Lie algebra so(2M + 2) at
level k£ =1,

1 M+1 M+1
SC\SQO(Q7 xl) = W ( H 93<q7 xl) + H 04(q7 $2)> )
- - (4.5.3)

1 M+1 M+1
Xi5(q, z:) = W (H 05(q, ;) — H 94(%%‘)) :
i=1 i=1

Here, $0(2M + 2); is part of the bosonic subalgebra of 6sp(2M + 2|2M);. Similarly, we

also need the corresponding characters of the affine sp(2M) at k = —%

g,y @Y 1 1
Xs (04 2 <H§‘i194(q,yi)+Hf‘i193(q,yi)) ’

(4.5.4)

2

=

p@w:n@M< L ).
old, Yi 2 \IIZ 0s(q.m)  TIZ 0s(q. )

The characters we have just listed, furnish the basic building blocks for the relevant
characters of our superalgebra 6sp(2M + 2[2M); at level k =1,

RoP = RETE+TERS
(4.5.5)

S0Sp 580 5Sp

Xo = >A(SD05(\S§+X@XD
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For a particular choice of boundary conditions in the free field theory (4.1.8) the bound-
ary partition function takes the following form

1 H{‘{‘H 93((] LL’)
Z%NM(qa zi) == )feogSp -+ )fa):S‘p — i=1 5 g
| 77((1) Hinl 94(% yj)

where the first M variables z; = y; are associated with the symplectic part while the
remaining M+1 variables zy,,; = x; are affiliated with Cartan elements of the orthogonal
subalgebra. Eq. (4.5.6) generalizes equation (4.4.27) to M > 1.

, (4.5.6)

4.5.2 Test of the duality

As in the previous section, we would like to show that the two partition functions (4.5.1)
and (4.5.6) are related to each other by deformation with the interaction term (4.1.9)
or, equivalently, by deforming the radius R of the sigma model from R = oo all the
way down to R = 1. In principle, this may be achieved by repeating our analysis in
subsections 4.3.3 and 4.4.3 above. The first step is to decompose the partition function
(4.5.6) of the sigma model at R = oo in terms of character functions for the global
osp(2M + 2|2M) symmetry,

Zu = > PR @y oM g) (4.5.7)

Ael+

where 't is the set of all integral dominant labels of osp(2M + 2|2M) that are compat-
ible with the consistency conditions of [35]. The existence of such a decomposition is
guaranteed, but in case of M > 1 explicit formulae for the branching functions ¢ would
still need to be worked out.

The second step is to pass from R = oo to finite values of the radius. Since all the
general results we outlined in subsection 4.4.4 hold for any value of M, the boundary
partition function of the sigma model at radius R reads

0s 1.1
Z5,(R) = Y XM (g, gy M (q) g2 e O (4.5.8)
AeT+

Here we expressed the partition function through the branching functions ¢ at R = oo
rather than through the ones at R = 1, as in subsection 4.4.4. Therefore, the coefficient
of the Casimir element had to be properly adjusted. Note also that we normalized the
quadratic Casimir operator such that Cas(d) = 1 for all values of M.

For the sigma models on odd dimensional superspheres S?M*12M to bhe dual to the
GN model, we would have to find

Z5(R=1) = Z&, (4.5.9)

provided we have correctly identified the appropriate boundary condition in the free field
theory (4.1.8). Throughout the last sections, we have checked relation (4.5.9) explicitly
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for M = 1. It is quite amusing to verify it also in the much simpler case of M = 0.
When M = 0, the decomposition of the partition function at R = oo into characters of
osp(2|0)= so(2), takes a particularly simple form,

o —L n < - m [ mtli, mEl o,
Lyyv=o = 4 24¢(Q>Zz Z¢(Q)2 Z(_1> (q s — g +2(|M+1))>

nez kEZ m=0
1
= — > 2" = P , (4.5.10)
n(q> nez neZ

with vi'®@(2) = 2" and ¥{”(¢q) = 1/n(q). Following our equation (4.5.8), the partition

function for radius R becomes

1
Zop(R) = — > i

n(q) &
Therefore, at R = 1 we obtain
o 1 n n?
Z3—o(R=1) = —= ) 2"¢7 = Z§-0(¢,2) , (4.5.11)
n(q) £

in agreement with our general prediction (4.5.9).

Although we have not been able to find a conclusive proof of (4.5.9) for M > 2,
we wish to give some additional supporting evidence. To this end, we need a few more
details about representations of osp(2M + 2|2M) and the corresponding values of the
quadratic Casimir element. The representations we are interested in are labeled by
integral dominant highest weights A of the form

A = a151 + a2(51 +52) + -+ ClM(51 + - 6M) + apr+1€1 + -4 agM_l(El + - "EM—l)

€1+"'+€M—€M+1 €1+"‘+€M+€M+1

+a +a ,
2M 5 2M+1 5

(4.5.12)

where §; and €; appear in the construction of the weight system of osp(2M + 2[2M)
and obey (€;,€;) = —(0;,6;) = d;;. The numerical coefficients a; € N must moreover
obey some additional consistency conditions that can be found in [35]. The value of the
quadratic Casimir in the representation of weight A can now be expressed in terms of
the coefficients a; as,

Cas(A) = (A, A+2p) =— Z <Z aj — 21») Zak n (agnr —Z2M+1)

i=1 \ j=i k=i

Ny asy +a i asy +a
+Z<ZCLM+j+w+2(M+1_i>> (ZGM—H@"‘%) .

k=i
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The fundamental representation corresponds to a; = 1 and a; = 0 for ¢ # 1 so that
Cs, = —(1 —2) = 1 for all M. The value of the quadratic Casimir does not only
determine the deformation of conformal weights, see eq. (4.5.9). It is also needed to
compute the conformal weight

Cas(A)

2k

of fields that are primary with respect to the underlying affine superalgebra at level k.
In our case, the level £ must be set to k = 1, as before.

After this preparation we can begin to test equation (4.5.9). Let us first try to
recover the ground states of the free field theory at R = 1. It is clear that the vacuum
state at R = 1 is obtained by deforming the unique osp(2M + 2|2M) invariant field with
weight h = 0 at R = oo. So, we can turn to the ground states in the second sector of
eq. (4.5.6) right away. From (4.5.7) we infer that the boundary sigma model contains a
single field multiplet that transforms in the fundamental representation with A = §; and
has conformal weight h = 0. Under the proposed deformation, the conformal weight of
this multiplet is lifted from A = 0 to h = 1/2, since Cas(d;) = 1. The latter value agrees
precisely with the ground state energy of the corresponding affine representation when
k =1 as given by (4.5.13).

We want to go a little further and recover states in the R = 1 model whose weight is
one above the ground states. Let us pick, for example, a multiplet that transforms on
the representation A = 34;. In the large radius limit, this representation arises for the
first time among the states of weight h = 3, since in equation (4.5.1) terms containing y3
are multiplied by ¢ or higher powers of ¢. Since Cas(36;) = 3, the proposal (4.5.9) tells
us that the weight of this multiplet gets deformed to h = 3 — % = % Hence, it should
appear among the first descendants of the sector over the fundamental representation.
Indeed, the irreducible representation with highest weight 39, is contained in the tensor
product of the fundamental representation with the adjoint representation. Thus, Z%I;\IM
contains this representation with h = % exactly as predicted by eq. (4.5.9).

hy = (4.5.13)

55p(2M+2|2M) SU(2M+2|M,M); ?

osp(2M+2(2M) * PY , » M >1

©(2) ; ;ﬁi(z)l : > M =0
R=1 R=1+2 R =

Figure 4.7: The symmetries of the model can vary considerably with the value of the
radius. The red dots specify points in the moduli space where the symmetry becomes
bigger and the generic symmetry algebras are written in blue.

Let us end this discussion with some remarks concerning the change of the symme-
tries of the model as we vary the radius, depicted in figure 4.7. For the free boson, it is
well known that at the self-dual point given by R = /2, the model becomes equivalent
to a su(2); WZW model, thus the symmetry gets enhanced. For M > 0 something
similar seems to happen, though we have not been able to give conclusive evidence.
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We nevertheless see that for R = /2, the space of states with A = 1 increases and
transforms in the adjoint representation of su(2M + 2|M, M), which would suggest the
presence of affine symmetry.

4.6 N =1 extension of the model

In this section, we want to investigate an extension of the S?M*112M gjgma models that

includes worldsheet supersymmetry. Our long term goal is to apply the insight gained
from the study of this worldsheet supersymmetric variant to the N = 2 extension
of the complex projective superspaces CP =1 models, which could bring fresh light
to the proposal of [64]. In particular, the next chapter will see us investigating the
non-worldsheet supersymmetric versions of the CP°~!¥ sigma model quite thoroughly,
though unfortunately a study of its N' = 2 analogue lies outside the scope of this work.
Just as in the non-worldsheet supersymmetric version of S?M+12M we want to com-
pute the spectra of Neumann branes in the infinite volume limit. Unfortunately, the
methods that we used before in section 4.3.2 turn out to be very hard to generalize. We
must thus look for a new way of deriving formula (4.5.1) and hope that it can be easily
extended. It turns out that by using a method in many ways reminiscent of usual BRST
quantization®® does the trick. For that we reformulate the original problem of counting
functions and their derivatives on S?M*12M a5 one involving an infinite set of decoupled
oscillators. We view the X, and their derivatives as independent creation operators

Xon =0"X, forneN,ae{0,...,4M + 2} . (4.6.1)

All the X, ,, commute with each other in the graded sense. Dual to these operators, we
define the set of mutually commuting annihilation operators 9% by setting

0%, Xyn] = 6260 - (4.6.2)

We introduce a vacuum state | 0), requiring that it be annihilated by all the 9%. Acting
on it with the X,, generates an infinite dimensional complex vector space. We can
introduce the a set of number operators N,, by

4M+-2

No= > Xend, (4.6.3)
a=1

which lead to a total number operator N := >~ N, that counts the number of oscil-
lators applied to the vacuum and to an energy operator E := > nN,,.

We wish to impose the constraint Xa,oJ“bXb,o = 1 on the elements of this space.
Defining the even operator Hy := Za,b Jpa 0305, we see that the states in the kernel of

13The cohomological arguments shown in this section are only superficially related to those in chap-
ter 3, i.e. we are not dealing with a cohomological reduction.
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Hyj are precisely the ones in which the X, o are organized in traceless symmetric tensors,
i.e. exactly the ones we are interested in. For example

Hy |[0) =0  HyX,0]0)=0
~—~ ~——
(%) ]
1
H, (XavoXb,o - 5JabJClec,OXCLO) 10) =0, (4.6.4)

J

1]
so that we recover the symmetric traceless tensors that form a basis for the functions
on the superspheres. Thus, imposing Xa,OJabXb,o = 1 is equivalent to requiring that
the physical states be in the kernel of Hy. We now have to take into account all the
derivatives of the supersphere constraint. For that, we define a bosonic operator D; by
setting [Dy, 0%] = 0%,,. Using it, we set by recursion

n 4M+2
H, :=[Dy, H,_1] ZZJba< ) P (4.6.5)

k=0 a,b=1

Imposing the additional constraints is then easily seen to be equivalent to requiring that
physical states be annihilated by all H,,. We now want to reformulate this requirements
in the language of BRST quantization. We introduce a set of fermionic operators, called
ghosts, {b,, cp}, oy With the anticommutation relations

{bn, b} ={cn, cn} =0 {bn, cm} = dnm » (4.6.6)

and use them to define the anticommuting operators @,, := ¢, H,. We require that the
vacuum state be annihilated by all the b,,. To each set {b,, ¢, } we associate a somewhat
arbitrary charge operator 7T,,, requiring that

[Ty, b = O mbim (10, ¢m] = —0nmCm - (4.6.7)

Now, the states that are constructed only using the X, ,, i.e. without the application
of ghost creation operators, and that are annihilated by a given H, can be understood
as lying in the cohomology of the corresponding (), as presented in figure 4.8.

If we denote by V the Verma module obtained by letting the creation operators X, ,,
and ¢, act freely on |0), we can introduce the partition function

M+1 00
ZV = tI'V H JZHy]J N E th:n
n=0
e 14+ yu 1+ 9y lug™) &
_ ok H HJ 1( yiug™) (1 +y; ug™) [+ . (468)

where by J;, respectively jj we denote the Cartan generators of the orthogonal, respec-
tively symplectic subalgebra of osp (2M + 2|2M). We want to compute the same trace
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A Tn

Figure 4.8: The computation of the cohomology of ),,. The cohomology of (),, is drawn
blue, the image is red. The left side presents the integer mode case with fermionic ghosts,
whereas the right side is concerned with the half integer case with bosonic ghosts.

over the space of physical states defined by the combined cohomology of all the operators
Q.. Our experience from chapter 3 can be of great help here. For a given operator @),
we can decompose the partition function as

ZV _ Zv):}ohomology + Zi);nago + Z{)}reimage _ Z);:ohomology + Zi);nag()(l + tnu2qn) : (469)

where we could express Z5™*° with the help of Zy*®° since

[Tma Qn] = _5ann [N, Qn] = _QQn [E> Qn] = _nQn . (4610)
The variables t,, are not of any physical relevance, since they only count the number of
ghost operators. Thus, we can set ¢, = —u~2¢~" and obtain

ZV(tn — _u—2q—n> — Z;ohomology(tn — _u—2q—n) _ Z;:}ohomology 7 (4611)

where the last equality is valid since, as argued in figure 4.8, the cohomology lies exclu-
sively in states on which 7T;, is zero. Since all the ),, anticommute, we can perform this
restriction for all the ¢,, simultaneously and thus obtain the partition function on the
combined cohomology:

o 1 ﬁ Hﬁl(l + yjuqm)(l + yj_luqm> ﬁ(l N u2qn) )

Ly =4q 7 - (4.6.12)
m=0 Hi‘i—li_l(l - xiuqm)(l - I 1uqm) n=0

Since we are not interested in counting the number of oscillators, the variable u is
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irrelevant and we can carefully take the limit © — 1. By doing so, we obtain

M -1
" (1+yu)(l+y, u
thM _ q_ﬁ ],11’[1(1 . U,2> H]]w_—i_ll( y] )( y] a )
’ =l [T= (T —2u)(1 -z u)
E?o
oo M m -1 m
Hj:1(1+yjq )(1+yj qm)
X¢(q> H M-+1 m -1 m I
m=1 Hi:l (1 —2qm™)(1 — 27 " q™)

which coincides precisely with our previous results written in (4.5.1).

.

(4.6.13)

This new method can now applied to an extension of our model that includes N =1
world sheet supersymmetry. We refer the reader to [65] for an introduction to the world-
sheet supersymmetric non-linear sigma model on the bosonic spheres S¢. In order to
formulate the theory, we extend the previous fields X,(z, z) to fields ®, on a superspace
with two fermionic directions, with the expansion:

Do(2,2,0,0) = Xo(2,2) +i00,(2,2) —i0V,(z,2) + i00F,(22) . (4.6.14)

The world sheet supersymmetric action that one then derives for these fields takes the
form

1 = ) = ) = = 1
S=— / 22 3 (90X, 0X, + < 0,00, + 0,00, + ~F,F, | . (4.6.15)
21 Js, 2 2 4

It is easy to see that this action is invariant under the two anticommuting sets of
superspace transformations

1) X, — —i¥, W, — 20X, U, — F, F, — —2i0V,
2) X, iV, U, — F, U, — —20X, F, — —2i0V, , (4.6.16)
which square to —2i0, respectively to —2i0. The world sheet extension of the super-

sphere constraint is then J*®,®, = R? which by (4.6.16) translates to a set of three
relations for the component fields:

X,J"*X, = R?
T, X, U)X, =0 (4.6.17)
EJ"X, = i(=1)w, )%,

The last equation can be resolved by setting the auxiliary fields F, equal to

(=1)Phy, Jbew,
F,=1 7 Xa s

which, when inserted into the Lagrangian, leads to

(4.6.18)

((=1)'B,Jo0w, )
4 R? ’
(4.6.19)

s— L [ [J“b (aXaaXb v igaw, 4 E\Ifaa@b) _
o s 2 2
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subject to the constraints

X J®X, =R U %X, =V, "X, =0. (4.6.20)
A rescaling of the fermionic fields by multiplication with v/2e~""/* allows a comparison
to be made between this action and the one of formulae (2.5.16) and (2.5.17). We
are thus lead to the conclusion that we have obtained a Lagrangian that combines the
supersphere and Gross-Neveu models into one, with the additional requirement that
the coordinates X, be orthogonal to their worldsheet superpartners and that the GN
coupling be related to the supersphere radius by ¢g> = R72.
If we take the limit of infinite radius, the fermionic interaction term drops out.
Taking into account that one boson and one fermion are removed by the constraints, it
becomes easy to read the value of the central charge:

1
c:(2M+1)><1+M><(—2)+(2M+1)><§+M><(—1):g. (4.6.21)
Xa ~- g
Y,

To compute the boundary spectrum at this point, we take our previous construction
and add a new set of operators

X, 1 =0"T,, (4.6.22)

a,n+§

together with their corresponding ¢ L1 Of course, the grading of these new fields is
2
opposite to the grading of the X, , for integer n. We define the odd operator D% by

setting [D 1, 8“} =0 11 and use it to extend the definition of H,, to half integer values

n
2

n

of n by setting H,, := [D% , H _%] To complete the procedure, new bosonic ghosts

{bn 115 Cny } are needed. Thus (4.6.6) gets extended to half integer modes, with the
neN

anticommutator replaced by a graded commutator. The partition function of the Verma

module generated by the X, , and ¢, for n € % is now

i yjuq y; uq i Tuq z; ugq™
= T1L (4 yyug™) (L + gy ug™) T (1 + zug™ 2) (1 4 27 ug™*

)

1 1
1 2 2
Ly = q 16 ” - - — — X
oo TITH (1 = wiugm) (1 — a7 ugm) T (1 = yjug™2) (1 — gy 'ug™2)
1+t
y n_ 4.6.23
Hl—t_ll ( )
n=0 n+3

As before, we introduce the nilpotent operators @),, := ¢, H,, and define the physical
states as being those that lie in their combined cohomology. Their cohomology in V is
graphically sketched in figure 4.8. The considerations of (4.6.11) are still applicable, so
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that by setting ¢, = —u"2¢™", we obtain

M -1 0
_ 14+ yu)(l+y; 1—qg"
Zgﬁffl = q ~16 lim(1 — u?) HM+1( i) i w H a -
) u—1 Hl 1 (1—:6Z )(1—x u) n:11+qn+§
oo M+1 _1 _1
1 1
XHH(+M 2)(+93q )
mo i (L= zgm)(1 =z lgm)
co M -1
14 14 m
<TITI (I +yq™)(1+y; q™) (4.6.24)

1 m1y
m=1 j=1 (1_y]q 2)(1+y]1 )

Thus, we have arrived at the expression for the partition function of a volume filing
brane in the worldsheet supersymmetric extension of the superspheres S2M+12M — Ag
expected, the lowest lying states correspond to the functions on the superspheres and
their worldsheet superpartners have energy % Let us now look at the case of the world
sheet supersymmetric free boson, which corresponds to setting M = 0 in (4.6.24). Then
the partition function becomes

o0 1 1
o N=1 1 n 1—q» (I+azg™ 2) (142 '¢g™2)
Zihite = a7y o] il

S lgtz s (L—zgm)(1—a7lg™)

_ q(_q) e JJa+gm2). (4.6.25)

We see that this is precisely the boundary partition function of the free boson at the
infinite volume limit combined with the partition function of one real free fermion. This
theory is known for having N/ = 1 worldsheet supersymmetry. We can also obtain
formula (4.6.25) by working directly with the action (4.6.15). We namely see that the
constraints (4.6.17) are solved for M = 0 if we set

X1 _p( cos¥ v\ —sin ¢ \111 [ —singp
Xy ) sin v, )1 Cos g, )" Ccos ’

(4.6.26)
where ¢ is a free boson compactified on a circle of radius 27 and 7, 7 are two free
real fermions of conformal dimension 3. Plugging this into (4.6.15), we see that the
interaction term of the fermions vanishes, so that

1 2 29 3 i .
Sy—o=— [ d°z | R°0pdp + —ndn + =non | . (4.6.27)
21 Js; 2 2

This is simply the action of a free boson combined with two uncoupled real free fermions
that are uncharged under the global O(2) symmetry. Thus, the boundary spectrum of a
Neumann brane in the infinite volume limit will be simply the product of the boundary
spectrum for the free boson with the fermionic contributions:

Zr=q= J[ 0+q"). (4.6.28)

nEN-I—%
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Therefore, we see that this method recovers (4.6.25).

We may now be tempted to perform the same analysis for the spectrum (4.6.24),
as we did before for its non-supersymmetric analogue. The naive Ansatz would be to
decompose the spectrum in representation of osp (2M + 2|2M) and then change the
conformal weights proportionally to the quadratic Casimir. It turns out that this is
not possible for M # 0 due to instabilities. In fact, if the conformal dimensions of the
fields in (4.6.24) are changed by a factor proportional to an universal function of the
couplings times the quadratic Casimir, the energy spectrum becomes unbounded from
below for M > 1, irrespectively of the possible form of this universal function. This
is due to the appearance of fields in typical representations V), whose energy in the
partition function (4.6.24) grows linearly with n, but whose value of Cas(A,,) increases
quadratically. The cohomological reduction removes this fields, so that the instability is
not present for the supersymmetric variant of the free boson. This suggests that either
the model becomes ill defined for M > 1, or that the naive Casimir evolution Ansatz
fails to deliver the right result. So far, we have not been able to find the correct answer.
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Chapter 5

Complex Projective Superspaces

The goal of this chapter is to extend the investigations of [18] and of the preceding
chapter to the non-linear sigma models with target space given by the complex projective
superspaces CP9~ 19, These models give rise to a 2-parameter family of conformal fields
theories with central charge ¢ = —2, since, in addition to the sigma model coupling
J,, or radius R, one can also introduce a theta term with arbitrary coefficient . The
results, a combined effort with C. Candu, T. Quella, H. Saleur and V. Schomerus, were
published in [21].

In the first part we shall approach the CP*~* model through its continuum for-
mulation. Using the target space supersymmetry in the framework of cohomological
reduction, together with perturbative computations in the limit of large volume, will
allow us to come up with a very plausible hypothesis regarding the expressions for the
conformal weights of boundary fields as a function of the radius R and theta angle 6.

5.1 The Sigma Model on Projective Superspaces

The aim of this section is to review some facts about the complex projective superspace
CP*~'¥ and the non-linear sigma model thereon. In the first subsection we discuss
two different formulations of the theory. The first one involves a constraint and it
is manifestly U(S'|S) invariant. There exists an alternative description, in which the
constraint is solved at the expense of breaking the U(S |S) symmetry down to U(S—1]5).
Both formulations will play some role in the subsequent analysis. The second subsection
contains a comprehensive analysis of U(S'|S) symmetric boundary conditions. We shall
argue that there exists an infinite family of such boundary conditions, one for each
integer M. They correspond to the choice of a complex line bundle in CP*~!* along
with a connection one-form A,;. For S = 2 the connection one-form is a supersymmetric
version of the gauge field produced by a Dirac monopole of charge M.

5.1.1 The sigma model on cps—19

Complex projective superspaces CP*~'¥ are built in a way that resembles closely the
construction of the superspheres in the previous chapter. Let us start with flat super-
space C%1¥, whose S complex bosonic, respectively fermionic coordinates are denoted
by z,, respectively &,. Within this flat complex superspace we consider the real odd
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dimensional supersphere defined by the equation

S S

Yz L& =1 (5.1.1)
a=1

a=1

The superspheres S2°~112% carry an action of U(1) by simultaneous phase rotations of
all bosonic and fermionic coordinates,

2, — €%z, Y F—— (5.1.2)

Note that this transformation indeed leaves the constraint (5.1.1) invariant, thus al-
lowing us to define the complex projective superspace CP® ~U9 a5 the quotient space

S2S—1\2S/U(1>.

The algebra of functions on the supersphere S?5~12% carries an action of the the

type I Lie supergroup U (S|S) C OSP (25|2S). These transformations include the phase
rotations (5.1.2) which act trivially on CP*~'1. Hence, the stabilizer subgroup of a
point on the projective superspace is given by U(1) x U(S — 1|S) where the first factor
corresponds to the action (5.1.2). We conclude that

U (S|S)

]P)S—I\S —
t T x U(S — 1]9)

(5.1.3)

Their simplest representative is CP' i.e. the space with just two real fermionic co-
ordinates. The sigma model with this target space is equivalent to the theory of two
symplectic fermions, which has been extensively investigated, as for example in [66,67].
Let us also recall that for S = 2, the bosonic base of CP'? is a 2-sphere, allowing us
to view CP'?as a bundle with fermionic complex 2-dimensional fibers. Just as in the
case of their bosonic analogues, the second homology group Hy(CP® -l ) = Z of com-
plex projective superspaces is non-trivial. Consequently, CP*~! supports line bundles
whose second Chern-class is characterized by an integer M € Z. In the case of CP'?,
the expression for the corresponding connection one-form is well known from the theory
of Dirac monopoles. We shall often refer to the integer M as the monopole number.

The construction of the sigma model on CP°~'° can be inferred from the geometric
construction we outlined above. The model involves a field multiplet Z, = Z,(z, Z) with

S bosonic components 7, = z,,a = 1,...,.5, and the same number of fermionic fields
Zo=Ewg,aa=5+1,...,25. To distinguish between bosons and fermions we introduce
from now on a grading function | - |, which is 0 when evaluated on the labels of bosonic

and 1 on the labels of fermionic quantities. In addition we also need a non-dynamical
U(1) gauge field a. With this field content, the action takes the form

1 , , 10 y
S = 252 s d*2(0, — ia,) Z3 (0, +ia,) Zo — oy /2 d*ze" d,a, (5.1.4)
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and the fields! Z, are subject to the constraint Z!Z, = 1. The integration over the
abelian gauge field can be performed explicitly and it leads to the replacement

l

5 (210,72, — (8,2))2.] . (5.1.5)

a, =
The term multiplied by ¢ does not contribute to the equations of motion for a,. As its
bosonic counterpart, the CPS~19 sigma model on a closed surface possesses instanton
solutions. The corresponding instanton number is computed by the term that multiplies
the parameter #. Since it is integer valued, the parameter 6 = 6 + 27 can be considered
periodic as long as the world-sheet has no boundary.

In order to pass to our second formulation of the CP*~!¥ model we employ the gauge
freedom to solve the constraint Z!Z, = 1 as follows

1 (2 _‘— [

w w
Ry ——— ZZ - T, Zz = .
V1+wh-w - V1+wh-w 1 V14wt -w

Thereby we have parametrized the target space CP*~1¥ through a set of S — 1 complex
bosonic components wy, ..., wg_1 and a set of S complex fermionic ones wg, ..., wag_1.
Plugging this parametrization (5.1.6) back into the action (5.1.4) we obtain an uncon-
strained reformulation of the CP°~ % sigma model

Zy =7 = (5.1.6)

1 1 .
S = 52 Edzzg,-jauwjauw’ + ;_W/EdZZ €"igi;0, w0, w", (5.1.7)
where g;; is the canonical Fubini-Study metric on Cp5—11s
Yy —1)llwhwd
gi; = I ) (5.1.8)

I+wh-w (14w w)?’

The disadvantage of this reformulation is the non-linear action of the U(S |S) supergroup
on the projective coordinates w, w. Let us recall in passing that the Fubini-Study metric
on CP°~!¥ determines the following Kéhler two-form

w = d*z e“"igij—a,,wja“wi = —z'gij—dwj/\dwi. (5.1.9)

The Kahler form is properly normalized and generates the second integral cohomology
group of CP°~ %, that is
w
27
It follows, as stated before, that our bulk model is not affected if we shift 6 by integer
multiples of 27, i.e. we can restrict the parameter 6 to the interval § € [—m, 7.

= 1. (5.1.10)

!Note that we eliminated the radius R of the complex projective space in favor of a coupling g2
entering the action in front of the metric. Equivalently, we can set g2 = 1 and work with a radius
parameter R appearing in the modified constraint Z1 7, = 4R2.
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5.1.2 Action of the boundary model

We are now going to discuss U(S |S) symmetric boundary conditions of the CP~!%
model. For readers used to the string theoretic concept of branes and the geometric
classification of boundary conditions, the final outcome is not surprising. As noted,
CP5~19 admits a natural left action of U(S |S)and, since CP°~* is homogeneous under
this action, any U(S |S) symmetric brane must be volume filling. But branes are not
simply (sub-)manifolds in target space. They also carry a bundle £ with connection
A. In the case at hand, there is an infinite family of complex line bundles £;; on
CP5~ ¥ which are parametrized by the integer M € Z. To ensure U(S |S) invariance,
the connection Ay, must have constant curvature ;. Consequently, its curvature is
proportional to the Kahler form w, i.e. {23, ~ Mw. We shall now see how these geometric
insights manifest themselves in the world-sheet description. Our presentation will not
make any more reference to string theoretic notions.

5 = 6io+7’

: : Q
mny, O

0

Figure 5.1: The transformation from the strip to the half plane.

We want to consider the CP¥~!* sigma model on a world-sheet ¥ with boundary.
The choice we have in mind is a strip ¥ = [0, 7] X R or, equivalently, the upper half of
the complex plane z = x + 1y, y > 0. We are looking for boundary conditions which
arise from adding boundary terms of the form

0 0o
Sy = / dx (Af(w,u‘;)&vwi—i—ATL(w,u_J)&Bwf)+/ de (L < R) (5.1.11)
0

—00

to the action (5.1.4, 5.1.7). Here, AL = AX®qyi 4 AX gy are one-forms which
are at least locally defined on CP¥~¥, When we map the half plane back to the strip,
points with z = & > 0 are mapped to the right boundary while those with z = 2z < 0
end up on the left side. To find consistent boundary conditions we require invariance
of the total action §; = S + S, with respect to arbitrary variations dw'(z, z). It follows
that

1 0

7 L(R j L(R 7
a5 (300 + 520 ) ' = 2P0 200 (G112

1 0 » L(R) 7 L(R) j
Gij (an — %&) w) = 2077 0,w! 4 20,7 0w,
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where z = Z < 0(> 0) and Q) is the curvature 2-form of the connection AX). Tt is
globally defined on CP°~'¥ through

QLB = gAXB) = QI qud A dw' — 207 dw? A dw' — QE P dw? A dw'. (5.1.13)

Before imposing the conditions of U(S|S) symmetry, we note that our boundary con-
ditions (5.1.12) should preserve the complex structure of the CP*~!1% supermanifold.
Consequently, the complex conjugate of the first equation in (5.1.12) must yield the
second equation without any additional constraint. While applying this constraint one
must take into account the reality condition of a scalar field in Euclidean space-time

w'(z,2)* = w'(1/2*,1/z%). (5.1.14)

Thus, we conclude that the two equations in (5.1.12) are compatible if and only if QX%
is imaginary.

Boundary conditions (5.1.12) are said to preserve the global U(S|S) symmetry if
they are invariant with respect to an infinitesimal action of the supergroup. To give
a precise meaning to this statement, let us note that the set of equations (5.1.12) can
be interpreted as the vanishing of some real vector field L on the left boundary, whose
components read

‘ L f i _ o kLA 7 9 kL 8 i

L'= (@ay - %8;5) w — 2g Q];J—amwj — 2g Q]::jﬁwwj, (5115)
g 1 H 7 kL 1 kAL _

Lt = (@ay + gﬁx) w — 2g ijamwﬂ — 2g ij_ﬁxwﬁ (5116)

with a similar expression for another real vector field R on the right boundary. The
global U(S'|S) invariance of the boundary conditions (5.1.12) is then equivalent to the
invariance of the vector field L, R with respect to the infinitesimal action of the u (S|.S)
Lie superalgebra. In other words, the Lie derivative of the vector field (5.1.15) with
respect to any u(S|S) Killing vector must vanish. As world-sheet translations and
global symmetry transformations commute, it follows that the 2-forms Q¥ must be
invariant. On the other hand, on any irreducible complex symmetric superspace, there
is only one invariant closed 2-form, namely the Kahler form w. Hence, invariance of the
boundary conditions with respect to the global symmetry requires that

QF = iMw : QF = iNw (5.1.17)
where w is the Kéhler form (5.1.9). In the classical theory, the M, N can assume any
real value. For the associated path integral to be well defined, however, they must be
integers. Even though this sections deals with the classical action, we shall assume
M, N € Z from now on. For later use it is convenient to re-write L and R in an index
free notation,

(0 1 (0
L = —@—l—zJ(——l—M)am . R = @ayﬂj(%wv)ax. (5.1.18)
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Here we have introduced the (globally well defined) complex structure J on the tangent
space of CPS~1%. The components L’ = dw’(L) and L' = dw"(L) are recovered from L
with the help of the canonical basis dw® and dw? in the cotangent space. Note that L and
R only contain a specific combination ©,; = 2M 460/ and, respectively, O y = 2N+60/m.
We conclude that the periodic variable 8 of the bulk theory gets promoted to a real
valued variable © in the boundary problem [68]. In the limit g, — 0, the value of ©
is irrelevant. In other words, the boundary conditions are purely Neumann when we
approach infinite radius.

Before we close this section, let us briefly write the boundary conditions in terms
of the manifestly U(S|S) covariant formulation (5.1.4) of our theory. In this case, the
variations of the basic fields Z, must be consistent with the constraint eq. (5.1.1),

(6220 + 2162, =0 .

In order for the boundary contributions to the variation of the action to vanish, we must
impose the usual twisted Neumann boundary conditions of the type

(Oy +iay) Zy = Ong2(0y + iay) Zy
(0y — iay)Zl = —@Mgg(ﬁx - z'ax)Zl

for z = Z < 0 and a similar condition with M replaced by N, i.e. O, replaced by Oy,
along the right half z = z > 0 of the boundary. The parameters ©,; = 2M + 0/7 and
On = 2N + 0 /7 are the same combination of the 6 angle in the bulk and the monopole
numbers M, N that appeared in eq. (5.1.18).

So far we have only discussed the classical theory. Understanding the detailed prop-
erties of the associated quantum field theories is the main aim of the following sections.
For the time being let us just mention that the non-linear sigma models on CP%~!%
have been argued to possess vanishing 3 function [16]. This means that they give rise
to conformal quantum field theories for any choice of the two couplings g, and 6. The
central charge of these models must agree with the central charge of the free field theory
at g, ~ 0, i.e. all models of this type have ¢ = —2.

(5.1.19)

5.2 Spectrum of the non-interacting sigma model

Our discussion of the quantum field theory will begin with the limiting case g, = 0 in
which all the interactions are turned off. To keep things computationally manageable,
we will restrict to the first non-trivial case with .S = 2, though most of what we are about
to describe generalizes quite easily to higher dimensional projective superspaces. Our
goal is to investigate the spectrum of the CP!? model on the strip (or half-plane) with
twisted Neumann boundary conditions imposed along the boundary. In string theory
terms, this is equivalent to considering volume filling branes which wrap the bosonic base
of CP*'2and are delocalized along the fermionic directions. In a first step we shall analyze
the spectrum in the particle limit. Then, in the second step, we include derivative fields
and construct a partition function for the theory in the limit of vanishing coupling g, .
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5.2.1 Spectrum for a particle moving on CP'?

As we argued in chapter 4, the particle, or minisuperspace, approximation amounts to
considering the string as a point like object, thus neglecting the ¢ dependence of the
fields w'(7, o). Thereby, we reduce the field theory to a point particle problem. We shall
discuss the quantization of this system in two different ways. In the first description we
use the gauge fixed formulation of the theory in terms of variables w?, w’. The spectrum
of the associated Hamiltonian is known from [69] and the results allows us to formulate
a quantization condition on the monopole numbers. For our second approach, we also
take the infinite volume limit and employ a U (2|2) covariant formulation, just like in the
previous chapter. While this does not lead to anything new in this limit, the covariant
methodology is more easily extended to the full field theory. So, let us start from the
action (5.1.7), while setting all o-derivatives to zero. After integration of the transverse
coordinate o of the strip ¥ = [0, 7] x R we get the following particle theory:

S — /_ dr (;?gijwﬂ'wiJrAiwiJrAzwf) , (5.2.1)

o0

where locally the connection one-form A is the difference of the two one-forms A and
AL that is
A = AR AL (5.2.2)

The classical Hamiltonian of this quantum mechanical system takes the following simple
form

295 i3
H = ——2¢"(IL — A;)(IL; - 4;) , (5.2.3)
T

where the canonical momenta are given as usual by
I = gl +4;, IL = —— gl + A (5.2.4)
(A 292 gl_] ) 1 T 2gg ng 1 M b

The standard canonical quantization of this model replaces the Poisson brackets of the
basic fields and their conjugated momenta with commutators, so that

(W' IL] = [0 IL] = &) . (5.2.5)

Note that the factor i of the usual commutation relations [2°, p;] = 0} is missing because
we are formulating the theory in Euclidean time 7 = it. For the quantization procedure
to make sense, the one-form A must be a connection on a complex line bundle over CP'?,
see [70]. This furnishes a quantization condition for the curvature of the connection,

dA = —ilw (5.2.6)

with [ any integer and w the Kéhler form on CP'?. The space of sections of such bundles
may be realized explicitly as equivariant functions f(w,w) on CP'? with the property

fle®w, e”w) = e f(w,w) . (5.2.7)
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Taking into account (5.2.2) we get the condition that [ = M — N must necessarily be
an integer. Hence, if we admit e.g. AY = 0 as a possible boundary conditions, mutual
consistency requires N € Z. The quantized form of the classical Hamiltonian (5.2.3) is,
up to a numerical prefactor, the Bochner-Laplacian Agﬁms,l‘ s on the complex line bundle

over CP'? with monopole charge [ € Z
z g A
HO = —fACPS,HS . (5.2.8)

We spend most of appendix D, dissecting the Bochner Laplacian, whose eigenvalues
were studied in [69]. For the Hamiltonian we obtain

2
k) = 22 (202 + @k + 1)1 = 1) = 12)  for k = 0,1,2,... (5.2.9)
T

From the spectrum we can read off which u(2|2) multiplets are realized as sections of
monopole bundles on CP'?. We will list the corresponding representations of U(2|2) a
bit later at the end of our second construction of the spectrum.

Let us now see how to reproduce the spectrum of the particle theory within the
U(2|2) covariant formulation. As before, we depart from the space C?? with coordinates
7Z = (z1,22,&1,&). The 4-tuple Z transforms in the fundamental representation V' of
u(2]2). On the projective superspace CP'?, the multiplet Z and its conjugate Z obey
the following constraint

7z =1 . (5.2.10)

Note that Z! transforms in the dual fundamental representation Z' € V* so that the
above equation respects with the u(2|2) symmetry. Consequently, if we quotient the
space of functions on C?? by the ideal that is generated from Z-Z — 1, we end up with
some non-trivial u(2|2) module B. The center of u(2|2) acts on B through the phase
rotations (5.1.2), thereby defining a decomposition B = @, B; where 3, C B consists of
elements f € B such that f — exp(ilw) f under the map (5.1.2). The spaces B; contain
precisely all sections of the complex line bundle with monopole number [.

We want to determine the partition function of the particle limit, i.e. a function that
counts sections in the monopole line bundles, or, equivalently, elements in the u(2|2)
module B;. Before we construct this counting function, let us introduce the following
basis in the 4-dimensional Cartan subalgebra,

1 (03]0 ~1/0]0 1(L|o L
%_§<()0) @_§<ﬁ%§> k‘z(O <b> ho=g e 21D

Here I,, is the n-dimensional identity and o3 the Pauli matrix o3 = diag(1, —1). The
partition function reads

1-— tz H (1 + yaz_ﬁuﬁt)
u R
ul/2+1 (1 — zo2Pubt) ’

a,ﬁ::l:%
(5.2.12)

ZE\OJZN(‘%?%Z) = trBL(menyZJZ) :12111 lul=1 !
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where [ = M — N is the difference of the monopole numbers, as before. The trace is taken
over all sections of line bundles on CP'? and the integral over u is to be understood in
the formal sense, i.e. as a projector. The limit ¢ — 1 implements the constraint (5.2.10)
just like in section 4.3, while the integral over the variable u selects those states that
stretch between two line bundles with respective monopole numbers N and M, such
that the difference M — N is fixed. Of course, states within 25\3{ y still carry a J, charge,
which takes the constant value J, = [/2.

Our aim now is to decompose the partition function of the particle theory into
characters of the symmetry u(2[2). In a first step we expand Z® into characters of
8-dimensional bosonic subalgebra u(2]2)5 = sly @ slo @ u(l) @ u(1). The latter are given
by

Xl(gjl,jg,a,b) (Ia Y,z u) = X (SL’) X2 (y> 2 u’ ) (5213)
where ji,jo € N/2 and a,b € C. It is rather straightforward to compute the correspond-
ing branching functions and we shall not spell out the results of this intermediate step
here as it is very similar to the one we carried out in chapter 4. The next step then is to
combine the characters of the bosonic subalgebra into characters of u(2]2). Two types
of characters turn out to appear. The generic ones are the characters of Kac modules,
whose relation to the characters of the bosonic subalgebra is given by

—4

(5.2.14)
Here and in the following we abbreviate the products x;, (z)xj,(y) of sly-characters
as X(ji,j»)- In this expression, the first factor is associated with the bosonic multiplet
of ground states while the expression within brackets arises from the four fermionic
lowering operators in a Kac module of u(2[2). In addition to the Kac modules, we also
need formulae for characters of some special atypical irreducibles. According to [71], the
characters of these atypicals are given by

K B -1 -2 =3
X[j1,jzab] = X dz,ab) (1 2y e (oo Fxon) +27x ) T

[NIES

)

[NIES

11
272

_ B B
Mroddl T X(ogd) TX(E) TR0
— B B B
Modghed] T X(oobod) T ) TR0
X[+l 1 142 1 = XB + X + XB + XB (5.2.15)
[ 3424 (5134524) TXG0sd) TR0 TX ()
B B B
X ) TR T X Gty
_ B B
Xposghg] = X(azt-d) T X (hombod) TX(R0-4-) TX(Bmdmh)
) Pt P X (o)

where [ > 0 and the value [ = —1 is admitted only in the third equation. It is understood
that a bosonic character is to be omitted on the right hand side if one of its first two
labels is negative. We also note that [%,0, %, %] and [0, %, %, —%} are associated with
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the fundamental representation and its dual. The formulae (5.2.14) and (5.2.15) are the
only ones we need in order to obtain the expansion of the partition function in terms of
characters of u(2|2)

Zg\(x]f),N(%y,Z) = (1+d0) X[%O,w,é] + (5.2.16)

K
‘l— 1,3 1 1+4sgn(l+1) I1+3—sgn(l+1) | + 1 1
X[ e st )5 D Xyl g

[e’e)
k=

]

where | = M — N and sgn(x) = 1 if > 0, sgn(z) = —1 otherwise. The first two
summands in this formula involve characters of irreducible atypicals while all remaining
ones are associated with full Kac modules. In the special case that [ = M — N =
0, the partition function counts functions on CPY2. The three characters of atypical
representations appearing in (5.2.16) for [ = 0, while counting the eigenvalues of the
Cartan elements accurately, do not reflect the actual transformation property of the
fields. They contain the 16 fields that transform in the tensor product of the fundamental
representation with its dual, which is an indecomposable representation of Casimir zero.
Just as in chapter 4 we could describe the space of functions as the multiplicity free
direct sum of the symmetric traceless representations, so too can we here understand
the decomposition (5.2.16) for [ = 0 as the direct sum of supersymmetric, self-dual,
traceless u (2]2) tensors t(k, k) of rank & > 1 and the 16-dimensional indecomposable
traceless but reducible tensor (1, 1). Further details can be gathered in section 5.6 and
appendix D. We remark further, that for values [ = M — N > 0, the lowest value of j;
in (5.2.16) is j; = |I|/2. Such a cutoff is a well known feature of sections in monopole
bundles.

The result (5.2.16) agrees with our earlier description of the spectrum (5.2.9). To
relate the two findings we note that in a representation A = [ji, j2, a, b] of u(2|2) the
quadratic Casimir elements take the value

Casa(A) = 20js(js + 1) — jaljo + 1) + b(a — 2)] — 4ab?. (5.2.17)

Since u(2|2) is not semisimple, there exists a one-parameter family of such Casimir
elements. It is parametrized by the coefficient —a of E? where E denotes the central
element of u(2|2). More details can be found in Appendix B.4. Plugging in the labels
of representations from eq. (5.2.16) one recovers the spectrum (5.2.9) of the Bochner-
Laplacian, provided the parameter o in the Casimir element? is set to @ = 1. This
concludes our discussion of the particle limit.

5.2.2 Partition function at infinite radius

The partition function of the boundary conformal field theory in the limit of vanishing
target space curvature can be constructed by extending our discussion of the particle

2See appendix D for details
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limit to incorporate derivatives along the boundary. The main formula is

1 du
Zun(g.2.9.2) = ola)q® 7{ | ch( ) lim(1— #) x
u|=1
1T+ ( 1—|—y T
1T — II 11 o . (5.2.18)
o,B=%3 o,B=%3

The constraint Z' - Z = 1 is implemented as in the particle limit by taking the limit of
t to one. In the field theory, just as in chapter 4, we obtain an infinite tower of field
identifications by taking derivatives of (5.2.10). The implementation of these constraints
proceeds in the manner described in section 4.3.2 and leads to a multiplication of the
counting function with ¢(¢). The formal integral over the variable u has to effect of
projecting onto those states that transform in the same fashion under global gauge
transformations. However, here too the field theory is more complicated that the particle
limit, since local gauge degrees of freedom have to be implemented as well. The equations
of motion for the gauge field (5.1.5), describe a completely in terms of the basic fields
Z and Z', removing the degrees of freedom of the gauge field itself. We are still left
however with local gauge transformations Z — Ze'®(®)_ If our partition function is to
count only physical states, we have to restrict ourselves to states invariant under local
transformation that shift the gauge field. Looking at (5.1.5) again, we see that this
implies the constraint

7t 9z -072"- 72 =0, (5.2.19)

as well as the vanishing of all of its derivatives. This set of constraints is linearly
independent of the relations that we get from deriving ZT-Z = 1 but can be implemented
in the same way. Therefore, on the level of the partition function (5.2.18), the double
counting of fields which are related by local gauge transformations is avoided by another
multiplication with the Euler function ¢(q).

Now that we understand the basic expression from the partition function of the
model, let us decompose the field theory spectrum into representations of the global
symmetry u(2[2). Since a similar computation was already painstakingly presented in
chapter 4, we shall only sketch the main steps here. As in the particle limit, we expand
into bosonic characters first,

ZM,N(quaya ZX(]l,gg,ab r,Y, )¢(]1,32,ab)( ) )

where b = [/2 and the sum runs over all ji, js € —, a€ 3 Z for which a + b = 2j; mod 2
and a — b = 2j, mod 2. The characters x of the even part u(2]2)5 were displayed in
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equation (5.2.13) above. For the associated branching functions 18 one finds

1

q1z . ) ‘
¢81,j2,a,b)(q) = (q J2 —q3]2+2 + (q 3 +q > ) (1 _ q2j2+1)) %

¢(q)*
m+n 1 B qm—l—n) (q(m_n)(jl_l) — q(m—n)(j1+l+1))

.]
X q 2 Z Z _m(m—1)4n(n—1) )
q 2

1= |a42rb|mn 1
Jj1+leN

where we require that a and b be such that
a+b=2j; mod 2 a—b=2j, mod 2. (5.2.20)

The branching functions for the Kac modules of the full superalgebra u(2|2) can be
obtained through the following infinite sums

7L

00 5 n—2m
K _
w[jlvj%avb} - Z Z j1+—— m+r J2+7§L—(m+s),a+n,b) . (5221)
n=0 m=0 s=0

Weights [j1, j2, a, b] of u(2|2) are atypical when b = +(j; — j2) or b = £(j; + j2 + 1).
Whenever the weights are atypical, our expressions for 1 must be summed further
to obtain branching functions of irreducible representations. The necessary formulae
are listed in Appendix B.5. Here, we shall simply display our results in terms of the
branching functions X,

ZM,N(qv T, Y, Z) = Z Xl[j'l,jz,a7l/2] ([L’, Y, Z) ¢E§17j27a71/21 (Q) . (5222)

The sum runs over all j;,j, € ¥, a € Z for which a +1/2 = 2j; mod 2 and a — /2 =
2j2 mod 2. For our purposes, the branchmg functions 1X are already good enough, since
we are only interested in the values that the quadratic Casimir takes on the states of our
theory and not in their precise transformation properties which, since indecomposable
representations appear quite naturally, can be very complicated. We recall that the
characters ¥ of u(2|2) Kac modules are given by eq. (5.2.14). For typical weights, the
functions ¥X are proper branching functions with non negative integer coefficients.

It is very instructive to apply the same combinatorial constructions to the simpler
theory of symplectic fermions, i.e. for S = 1. The symmetry of this model is described
by the superalgebra u(1]1). We select a particular basis .J,, J, for the Cartan subalgebra
by fixing the values in the fundamental representation according to

J. = %(%_—1) I, = %(ﬂﬁ) | (5.2.23)

Just as in the case of the CP'? model, we construct the partition function in the limit
R — oo by taking tensor products of the fundamental representation of u(1|1) and its
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dual. After that we apply our constraint and gauge prescription. The partition function
Z =", Zu!’? for all bundles is then given by the formula

= (142 2uzq™)(1+ z2u"2q")
1
Z(q,z,u) = q2¢(¢)*lim(1 — ¢
( ) @ t—>1( >£[0 1— z2uzg?)(1 — 27 2u"2¢")
1
Cb(Q) a,beZ/2
a+beZ

where in the product of the first line we are instructed to make the formal substitution

q° — t before evaluating the limit ¢ — 1. Since Kac module characters for u(1|1) are
defined by?

Xapy = 2" (1+27)u’
we obtain the following expression for the branching functions

1

q12
V(@) = =g
@) ¢(q)
The quadratic Casimir takes the value 2b(2a — 1) — 4b? in the Kac module labeled by
(a|b). For a given value of b = [/2 = (M — N)/2, there are four states of conformal
weight A = 0 in the spectrum. More precisely, we find that

(b—a)(b—a+1)
2

fora,b€ Z/2,a+beZ . (5.2.25)

0
Zytn () = Xfjapym + Xz

where [ = M — N. When [ # 0, the two u(1]|1) multiplets that appear in the de-
composition of 7 are typical. This changes only for [ = 0. In that case, the two
atypical multiplets (0|0) and (1|0) combine into a 4-dimensional projective indecom-
posable of u(1|1). Such boundary theories of the symplectic fermions with four ground
states were first constructed in [72]. Let us also observe that the number of characters
in the decomposition of Z agrees with the number of atypical characters in the cor-
responding decomposition (5.2.16) for the CP*? model. This was to be expected, since
from our discussion in chapter 3 we know that the non-linear sigma models on the com-
plex projective spaces can be related, via cohomological reduction, to the model of two
symplectic fermions. It is precisely those states that transform in atypical irreducible
representations in (5.2.18) that we find in the symplectic fermions theory.

5.3 Sigma model perturbation theory

Our aim here is to arrive at formulae for the boundary weights of fields of the CP!
model at finite couplings g, and 6. In the first subsection, we sketch the method of

3In our notations, the second label b refers to the value of the central element E of u(1|1). This
differs from the notations that were used e.g. in [58].
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background field expansion in complex supersymmetric target spaces and specialize it
to the computation of conformal weights. Similarly to the case of the superspheres, the
shift of the conformal weights turns out to be given by a particular quadratic Casimir
of u(2|2). The results of the first subsection are then combined with our expression
(5.2.22) for the free partition function, allowing us to arrive at a conjecture for the
partition function of the CP'? model with Neumann-type boundary conditions.

5.3.1 Background field expansion and 2-point functions

Let us consider a sigma model on an arbitrary Kahler supermanifold of superdimension
2p|2q. If we parametrize the supermanifold through real coordinates ¢*, its action takes
the following form

Sle) = = [ @ (0up(2).0,002) .+ 2 [, (5.3.1)

292 Jx 8 PTR0 T am o

where (X,Y"), denotes the scalar product of two vector fields X, Y at the point ¢ of the
supermanifold and w is the Kéhler form. We assume the latter to be normalized such
that [ oy W is integer. For the path integral measure we use

Dlg] = [[dule(2)).  dule) = /g(p)dg' ... dp™>.

TEX

The measure may be regularized by putting the theory on a square lattice with spacing
0
. . 9
Expanding two vectors X = e, X" and Y = ¢;Y", with respect to this basis, we obtain

a. To evaluate the scalar product we introduce a basis e; = of right derivatives.

(X,Y) = (-D)IXg,Y7 = g,;YIX" . (5.3.2)

Here, the order of factors does certainly matter. From the symmetry (X,Y) = (Y, X) of
the scalar product in the tangent space we derive the following symmetry of the metric
tensor
gy = (1) gy, .

We are interested in computing perturbatively the partition function and the correlation
functions by the steepest descent method around the constant classical solution ¢(z, z) =
@. For arbitrary Riemannian manifolds, one can perform the perturbation theory in the
background field method by switching to the geodesic coordinates as defined in [73].
When dealing with complex spaces, however, there exists more appropriate coordinates
which keep the complex structure manifest. Let w® be a set of holomorphic coordinates
for the Kahler supermanifold and choose some point on it with fixed coordinates w{. A
set of holomorphic coordinates v* for the complex supermanifold M is called a normal
system of coordinates at w§ if the metric g,;(v, v|wo, Wy) is of the form

[e.e]

gaE(Uv T_J‘wo, ’U_Jo) = gaE(w07 U_)o) + Z Cal;algl---anf)n (w07 U_)O) Ubnvan ce Ublval . (533)

n=1
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The holomorphic transition functions w = ¢,,(v) between the set of holomorphic coor-
dinates w and the normal coordinates v at wg are completely fixed by the required form
of the metric (5.3.3). In fact, one can prove by induction that the transition functions
Cuo (V) must possess the following power series expansion in v

=1
W = ) = w0 S (V)| (o) o34
n=1 ’ v
=1
= w8+vo_ZﬁF§1b2;b3;...;bn OUb”"'UbSUbQUbl- (5.3.5)
n=2 v

Here, V denotes the covariant derivative on the Kahler manifold. It involves the
Christoffel symbols which may be computed from the metric according to

%

il
ik — 9 ng]w

In eq. (5.3.5) we have expressed the expansion coefficients through multiple covariant
derivatives I'y ;. ., of the Christoffel symbols I'j ;, . When evaluating these derivatives,
we only treat the lower labels b; as tensor indices, i.e. the covariant derivatives do not
act on the label o.

In order to actually compute the metric (5.3.3) we use a nice trick. Namely, we
propose to consider some holomorphic mapping w®(¢) from a compact Riemann surface
Y., parametrized by the holomorphic coordinate (, to the complex symmetric space that
is parametrized by the holomorphic coordinates w®. Since the components of vector
fields are known in any frame, the metric in normal coordinates v at wy may be derived
from the equation

(0w(€),00(C)) ey = (00(€),09(0)) (42 ey - (5.3.6)

The solution can be written as a power series in v, v with coefficients built out of the
components of the curvature tensor at wg. Indeed, it is not hard to check that

(0. Doy = Y 52-0(@"((0)w(0) ) (5.3.7)
where we used the operator
QY)X = R(X, V)X

which is defined for arbitrary (anti-)holomorphic vectors (Y)X and R is the curva-
ture tensor on our Kahler supermanifold. In the case of complex projective superspace
CP*~ ¥ the curvature tensor reads

RX,Y)Z = (X,)Y)Z+(Z,Y)X . (5.3.8)
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Plugging this back in to the series (5.3.7), one may sum the expression to obtain

(X, Y)lvo (X, D)y (0, Y)wo

(X7 Y/) W - — -
oo} 1+ (U7U)wo (1 + (U, @)wo)z

(5.3.9)

where X (v) and Y (9) are arbitrary holomorphic and, respectively, anti-holomorphic vec-
tor fields and the scalar product ( , ), is computed with the Fubini-Study metric (5.1.8)
at wy.

In the background field method, the coordinates v and v are now promoted to fields
v(z, z) and ©0(z, Z) on the world-sheet. The action (5.3.1) becomes

Sh] = /2 i (1 “9) (0w, f%){v,woﬁ(i “9) (00,00),,.,  (5:310)

go g

where the metric ( , ){yw,} in normal coordinates was computed in eq. (5.3.7) as a
power series of matrix elements of the curvature tensor (5.3.8). For the applications we
have in mind, the action (5.3.10) is formulated on a world-sheet with boundary.

Let us assume that the boundary conditions that are imposed along the boundary
preserve the global supergroup symmetry. Then the path integration factorizes into
two contributions. One of them is a finite dimensional integral along the value wqy of
the fundamental field w(zy) at one point zy of the world-sheet. The second is the path
integral along its “deviation” v(z). For the measure, this split takes the following form

Dw,w] = du(wy,wy) D[v,v] , (5.3.11)
where
Zp+q ~1 p+q =p+q
Dlv, V] ’ 2p+q\/g (2)|wo, W) dv' (x) A dv*(z)...dv" () A dvPHi() .
z#0
(5.3.12)

One can check that the superdeterminant of the metric in normal coordinates does
never depend on v(x). For the Fubini-Study metric (5.1.8) on the complex projective
superspace CP¥¥ one even finds that

g(v(z), v(z)|wo, W) = g(wo,wp) = 1 . (5.3.13)

In conclusion, computations in the background field expansion for CP*~!% are performed
with the standard path integral measure using the free field theory action

Solt] = /Ed% (;g f) (00,80, + (é - %) (@v,o0), . (5.3.14)

The interaction terms are obtained by expanding the Fubini-Study metric (5.3.9) in the
fluctuation field v. After this preparation we are now ready to compute some quantities
in the sigma model on CP*~11.
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As a warm-up example, let us calculate the index Jg”’ (q) = ng’o’g(q, 1,1,-1), ie.
the partition function of the boundary theory with M = 0=N specialized to the values
r=1=yand z = —1. It is easy to see from eq. (5.2.14) that the characters of Kac
modules vanish at this special point, simply because the contributions from bosons and
fermions cancel against each other. It follows from our eq. (5.2.22) that the index J
vanishes at g, = 0. Our aim here is to show that it actually vanishes for all values of g,
and 0. According to eq. (5.3.11), the perturbative partition function Jg"’ of the sigma
model eq. (5.3.10) can be written as

ng (@) = /dﬂ(woﬂﬂo)jgfo’e(wo,wo)- (5.3.15)

We shall call jg"’ (wp, W) the local partition function. By carefully analyzing the per-
turbative expansion of the partial partition function one can prove that it receives no
corrections from the interaction terms, that is

48%° (wo, wo) = j(()?g(wmu_fo), (5.3.16)

where j(()?o) (wp, wy) is the local partition function of the free theory (5.3.14). The equal-
ity (5.3.16) may be derived with the help of the property (5.3.7) of the metric in normal
coordinates. It expresses the perturbative local index in terms of tensor powers of the
curvature tensor on CP¥~¥. But all the corrections to the index vanish. In fact, one
may show (see appendix B.6) that all scalars constructed from the tensor powers of
the curvature tensor on CP°~'¥ are zero. This completes the proof of eq. (5.3.16). It
remains to integrate the local index over the target space coordinates wy. Since neither
the measure nor the free action contain wg, we infer that the local index itself must be

constant. Using that the superspace CP°~1¥ has vanishing volume we can now conclude
Jg"’ (q) = 0, as we had claimed before.

The main goal of this section is to compute 2-point functions and thereby to de-
termine the conformal dimensions of boundary fields as a function of g, and 6. Let
Olw](z) denote a (boundary) field of the sigma model on our K&hler manifold. After
insertion of the change of coordinates formula (5.3.5), the fields become functionals of
the (constant) background wy and the fluctuation field v. The correlation functions are
then given by

(IOl 20) = [t (TLOUew]( ) ) | (5317

wo

The prescription is to compute the quantity on the the right hand side by expanding
in powers of v both the interaction and the fields O,[c,,(v)]. Here, the notation ( ),
used in (5.3.17) means that the expression in brackets must be calculated in the free
theory of (5.3.14) with fixed zero mode wy.

Having described the setup, we can apply (5.3.17) to the computation of boundary
2-point functions for boundary condition changing fields with M = N in the CP'? sigma
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model. For those fields corresponding to functions on CP'? appearing in (5.2.16) for [ =
M — N = 0 and that transform in a given highest weight representation [A] = [j1, jo, a, 0]
of u(2|2), we get

2

9 2
hievlA]l = gf [1 — s (; + 2N) ] Casa—1(A) + O(g3) | - (5.3.18)

As an illustration, let us do a step by step computation of the first term in the above
expansion. Let the U, be eigenfunctions of the Laplacian on CP'? with

/d,u(w)UAl [w]UA2 [w] = 5A1A2 and AUA = Casazl(A)UA . (5319)
In the full quantum theory, we expect
_ _ OAL A 2
<UA1 (Zl, Zl)UAZ(Zg, 2’2) > = |Zl — 22|2hA1 =~ 5A1A2 (1 — 2hA1 10g |Zl — 2’2| ) . (5320)

On the other hand, 5.3.17 leads to

(U, (21, 21)Un, (22, 22) )
~ /du(wo) < (UA1 [wo] + &UAl [ZUQ]Ui(Zl, 21)> (UA2 ['LUQ] + 8]-UA2 [wo]vj(ZQ, 22)) >

wo

where we have made use of the fact that the interaction term S, does not contribute
to the order g2 of the correlation functions. We thus get

< Un, (Zlv 21>UA2 (227 22) >
~ / dpa(uo) (Un, o] Uns i) + B0, [wol & Una o] (0" (21, 2007 (25, 22) ), )

2g2

~ log |21 — 2/
7 (1+g8(2+2N)°)

= 0p 0, T / dp(wo)O;Un, [wo]d; Uy, [wol g™

292
7 (1464 (2 +2N)°)

= 6an, | 1 — Casamy(A)) log |21 — z|? | (5.3.21)

where in the last line we performed a partial integration and used the fact that Uy, is an
eigenfunction of the Laplacian. The expression for the free correlation function of the v’s
was taken from [63]. Comparison of (5.3.21) with (5.3.20) and expansion in g2 leads to
the first term in (5.3.18). This computation shows that, on all manifolds, the correction
of order g2 are proportional to the quadratic Casimir, since the precise form of S;,; did
not play a role. It does however enter in the analysis of the next terms that appear in
the perturbative expansion. Here, the fact that the Ricci tensortof the manifold that

4The Ricci tensor is proportional to the Killing form and thus null
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we are working with is zero lead to the precise form of (5.3.18). At order g5 we expect
to receive a contribution from a non-zero contraction of the Riemann tensor with itself.
We do not yet know what form this contribution will take.

It is easy to see from [63] that conformal weights for boundary condition changing
operators with M = N depend on ¢, and 6 only through the combination

2
(gif !

- et
Cl4gi(242N)

(5.3.22)

which gives the dependence on g, and 6 in the propagator of the quantum fields. The
computation of the latter for boundary conditions of the type (5.1.18) with M = N
can be found in [74]. We have not managed to carry the computation of weights to
higher orders. This is partly due to the fact that the background field expansion breaks
the psl(2]|2) symmetry down to sl(1]|2) so that some of the simplifications that arise
from special features of the Lie superalgebra psl(2]2) (see e.g. [15]) are not directly
applicable. Nevertheless, we take eq. (5.3.18) as a strong indication that boundary
weights of tachyonic vertex operators transforming in some representation A of u(2|2)
behave as,

hﬁ;’L’f\,(A) = hyn(9s,0) + M Cas,=1(A) (5.3.23)

with some functions hj; (9o, 0) and ga n(gs,0) that will be determined below. This
conjectured behavior of the conformal weights will be one of the central ingredients in
our formula for the boundary partition function of the CP'? model. It has also passed
extensive numerical checks that we describe in the second part of this work.

5.3.2 Partition function at finite coupling

It is now time to spell out the central formula of this paper. We propose the follow-
ing boundary partition function of the CP'? model with monopole bundle boundary
conditions M, N imposed along the two boundaries of the strip,

0 Am,N (A, N—1) 1
Zon(gmy,2) = ¢ 2 D> XAy, )y W gl(g) | (5.3.24)
A

Here, the weights A = [j1, ja, @, b] run over the same values as in (5.2.22) while the
functions Ay (90, 0) and gar N (9o, 6) encode the complete dependence of the partition
function on the coupling constants of the theory. These functions are universal, meaning
that they do not depend on the representation the field transforms in. Below, in (5.3.27)
and (5.3.28), we will provide explicit formulae below for them. The functions A and ¢
are model-independent, that is they turn out to be the same for all CP° —us models,
regardless of the value of S. Hence, the only model dependent inputs in the theory
are the Kac module branching functions ¥ and the difference §;C of Casimir elements
spelled out below in (5.3.25). For S = 2, the former were determined in section 5.2.2
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through our analysis of the model at infinite volume, or g, = 0. The relevant Casimir
element Cas,, was displayed in equation (5.2.17) before. What appears here in eq. (5.3.24)
is the difference

6lc([j17j27a7 1/2]) = Casa:l([j17j27a7 1/2]) - CaSa:l(Mo,z)

(5.3.25)
= 201+ 1) — (G2 + )]+ lla—2) = I* +]]]

The weight 1, corresponds to the representation of the ground state. The latter min-
imizes the value of — Cas,—; among all the representations of fix [ that appear in the
decomposition (5.2.22), see appendix D for details.

Let us now address the two functions A and g in more detail. Obviously, the function
A determines the conformal weight of the ground state in the boundary theory, while
on the other hand the function g encodes how conformal weights of the excited states
change relative to the ground state as we vary the two bulk couplings g, and 6. We
claim that both A and g are independent of the integer S, i.e. they are the same for
all projective superspaces CPY~19. Our argument is based first on the observation,
made in [75], that all CP*~ 1 models contain a pair of symplectic fermions as a true
subsector and second on our argument of chapter 3, that the embedding of the fields
of the symplectic fermion model in the theory with target space CP°~!% preserves the
correlation functions.

By the method of cohomological reduction, we can confidently state that for the
CP'? model, those h = 0 states that are in the symplectic fermion subsector are to be
found within the first two atypical multiplets in the decomposition (5.2.16) at g, = 0.
Since the knowledge of the conformal weights of theses two multiplets for g, # 0 suffices
to determine the two functions \ and g uniquely, we can derive them both within the
free field theory of symplectic fermions.

Therefore, our first goal is to compute the functions Ay, y within the symplectic
fermion model. To this end we look back at our formula (5.1.19) that describes the
gluing condition of fields at the boundary in terms of the parameters N, M and 6.
Comparing with [63], we see that these boundary conditions are of Neumann type,
twisted by the presence of a nontrivial matrix W of the form

W(0) = ig? (% _0@) : (5.3.26)

The matrix W relates the derivatives along and perpendicular to the boundary of the
world-sheet. Since ©® = 2N + 6/m, the matrix W may be written as a sum W =
B(#) + F(N) of a ‘bulk magnetic field’ B = B(f) and the ‘field strength’ I’ = F(N)
of the monopole. If we choose different monopole numbers M, N on the two sides of
the strip, the gluing conditions along the left and the right boundary are different.
Consequently, the corresponding boundary condition changing fields must be in twisted
sectors. In order to determine the twist parameter A\, we use to formalism of section
2.5.4 to reformulate the boundary condition in terms of a gluing automorphism w that
relates chiral fields rather than the derivatives 0, and 0,. The gluing automorphism is
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given by
1+ w
W= T
Let us denote the two different values of © along the left and the right boundary by
Oy and Oy. Similarly, we shall use the symbols W; = W(0©;) and w; = w(©;) for the
corresponding field strength W and the gluing automorphism w along the two half-lines.

It follows that the symplectic fermions possess monodromy

1+ gﬁ@M@N + W(@M — @N)
1 +g§@M@N — W(@M - @N)

-1
WMN = WpyWy

when taken around a boundary field insertion. The trace of this monodromy matrix wy;y
determines the twist parameter of the symplectic fermions through 2 cos 2w\ = trwyn.

Putting all this together we find

4 2 o 2.4
(1+9,000n)” — (O — On)’g, | (5.3.27)

27\ 0 0) =
08 27 A s, N (9o, ) (14 g2040N)2+ (O — ON)%gL

We remind that ©,; = 2M 4 6/7 and O = 2N +6/7.

[
3L

Figure 5.2: A representation of lines of constant Ag; as a function of the coupling
constant and of the 6 angle, with the value of A\ written on the lines. The red one
denotes a change in the branch of arccos is (5.3.27). Keeping 6 fixed and taking the
coupling constant to infinity leads to A = 1 or A = 0 depending on whether one has

crossed the red line or not.
There are a few special cases to be discussed. To begin with let us choose M = N.
When the two boundary conditions on both sides of the interval are identical so that

Oy = O, then cos2wA = 1 and consequently the twist parameter vanishes. Similarly,
we note that the twist parameter always vanishes in the limit of infinite radius, i.e. when
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g, = 0. The boundary theory with vanishing twist parameter was constructed explicitly
in [72], while the more general case was considered in [76].

It remains to find the second set of functions gy n. We shall see momentarily that
they are very closely related to Ay n. As we have just argued, the ground states in our
symplectic fermion model on the upper half-plane are twist fields with a twist parameter
A. The corresponding ground state conformal weight is

o= Lo
ATg :
Excited states in the symplectic fermion model are generated by acting with modes of
the form xy_,_,,n < 0. Hence, the first excitations above the ground states possess
conformal weight h®™ = h§" + X. These states of the symplectic fermions are embedded
into the second term in the decomposition (5.2.16). Consequently, the two functions A
and g must be related by

1 1
AN (9o, 0) = 15C(/~L1,M_N)9M,N(9m(9) = i\M—MgM,N(Qo’@) (5.3.28)

where the expressions for the weights po; and py; in terms of the labels [ji, j2, a, b] can
be found in Appendix. D. The equation determines gy, v in terms of the twist parameter
Avn, at least when M # N. When M equals N, the twist parameter vanishes, but,
since the coefficient |M — N| on the right hand side of equation (5.3.28) also goes to
zero as M — N, the function gy x can be computed as

2>\M,N(gg,9)) _ 4g;
|M — N m[1+gi( +2N)2]

gn,N(9s,0) = lim ( (5.3.29)

M—N

Hence, the universal function gy is related to the effective coupling g¢/¥ we found
while analyzing the background field expansion in eq. (5.3.22),

9NN (90,0) = % (g1)” (5.3.30)

Before we conclude this subsection let us spell out one more special case of our

expression for )\, so as to prepare for our lattice analysis in the next section. In the

second part, we will perform numerical calculations for nonzero values of the monopole

charges M, N. Numerical simulations with M = 0 and N = —1 at the point g, = 1

will give the ground state energy h) = —1/8. This corresponds to the twist parameter
A = 1/2. To reproduce this values, we need

8 (8 _ 2 _
C0827T>\O71(g2:1’9) — (1+W(W 2))2 4 _
()

We read off that the lattice model must flow to the continuum theory with 8 = 7. It
is interesting to note that the # angle of the bulk theory may be determined from the
behavior of boundary conformal weights.
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5.4 Discretization and Numerics

In (5.3.24), we made a conjecture for the exact partition function of those boundary
theories that leave the u(2|2) symmetry unbroken on the basis of two key observations.
First, perturbative studies around the point of infinite volume, or g, = 0, point suggest
that the conformal weights evolve with the quadratic Casimir element. Second, the
method of cohomological reduction allowed us to show that the conformal dimensions of
at least a subset of the fields changes in the desired way and to furthermore determine
the universal functions gy, n, Ay,v together with the ground state energies. While the
embedding of symplectic fermions is a non-perturbative feature of the CP'? model, the
Casimir evolution was only analyzed perturbatively in the coupling constant g, .

For an introduction to the basic theory of spin chains, we refer the reader to [77].
In the following we shall introduce a u(S |S) spin chain® built out of alternating tensor

products (V ® V*)®L of the fundamental u(S'|S) representation V' and its dual V*. The
u(S|S) symmetry, combined with the requirements of locality and criticality will con-
strain the Hamiltonian to a linear combination of generators of the u(S|S) centralizer
algebra of the spin chain. Restricting to homogeneous interactions and choosing a nor-
malization, we shall reduce the number of parameters defining the discrete Hamiltonian
of the spin chain to a single real number w.

We claim that the continuum limit of this homogeneous quantum chain provides
a discretization of the CP°~!* sigma model. Since the sigma model depends on two
variables g, and 6, and the spin chain model only on one, namely w, the description is
only valid for a specific value of the angle, which turns out to be § = 7. The evidence
in favor of the claim consists of a set of comparisons of similar structures both on the
sigma model and the spin chain side, such as symmetries, boundary conditions, spectra
and various compatibility checks.

In particular, we check that there is a one to one correspondence between the u(.S |S)
symmetry preserving boundary conditions of the sigma model and those of the spin chain
and that the coupling constant g, of the sigma model is determined by the parameter
w independently of them. Finally, we identify a limit for w in which the spectrum of
the spin chain is in perfect numerical agreement with the perturbative calculations in
the sigma model for g, — 0.

At a second step, we assume that the proposed u(.S |S) alternating spin chain indeed
provides a discretization for the CP¥~ ¥ sigma model. The discrete theory can then be
studied numerically and the Casimir evolution for weights checked non-perturbatively.
We shall find remarkable agreement between our analytical studies of the continuum
model and the numerical results for the spin chain. The agreement suggests that our
proposal for the partition functions of boundary theories is exact and that in particular,
it does not receive non-perturbative corrections.

5We refer the curious reader to [18,19] for a similar spin chain for the superspheres §2M+12M
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5.5 Brauer algebra and alternating u(S |S) spin chain

In this section, we intend to establish the Hamiltonian

2L

i=1

as a promising candidate for the description of a discrete variant of the bulk dynamics in
the CP~!% sigma models. This discussion requires some background in walled Brauer
algebras, which we describe first.

The straightforward lattice studies of the two dimensional CP® models involve the
Monte Carlo simulation of a model with S dimensional complex unit vectors on the
vertices and U(1) gauge fields on the edges of a square lattice, together with the proper
discretization of the topological term®, as described in [78,79]. Condensed matter physics
has provided an alternative to this approach, whereby the fields can emerge dynamically
as collective excitations of quantum spins. The conjecture by Haldane [80,81] that the
long distance properties of SU(2) spin chains is described by the O(3) sigma model at
0 = 0 for integer (§ = 7 for half integer) spin opened the way to studying the mapping
of most general spin chains to sigma models [82].

The geometric quantization arguments of [13,82] show that the simplest spin chain
we could use to understand the CP°~*¥ model is based on alternating the fundamental
representation” V of u(S|S) together with its dual V*.

Unfortunately, integrable spin chains for this choice of representations turn out to
have a non generic continuum limit, described by a WZW model [59]. To see the physics
of the CP°~'® model, we need to employ more generic interactions, but the ones we
found to describe the physics of the continuum theory do not preserve integrability.
Although we did not perform a systematic analysis on the existence of local integrals of
motion, we believe it cannot happen due to the following reasons. Integrable spin chains
with continuous physical parameters in the Hamiltonian are generically engineered from
R-matrices of quantum supergroups. For the spin chains we considered there is no
manifest quantum supergroup symmetry. In line with this general expectation, we did
not find any relativistic u(S'|.S) symmetric solution to the Yang-Baxter equation, which
depends on a continuous physical parameter, if the choice of the auxiliary space in the
quantum inverse scattering method is restricted to V' and V*.

Fortunately, a lot can still be understood analytically by studying the properties
of the chains under the simultaneous action of the Lie superalgebra symmetry and its
commutant [10]. In the present case, this commutant is given by the walled Brauer
algebra. The algebraic approach that we are about to review has a number of appealing
features, including the fact that many of its features are independent of the value of S.

Throughout the following subsections we denote the generators of the Brauer algebra
By (0) by Ey, Py, ..., Esp 1, Py 1. In the symbol Bsy(0), the subscript 2L is related

6this is somewhat less obvious of course, as there is no topology on the lattice
"For a description of these modules, see [16].
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b pd 1

Figure 5.3: The identity I and the generators E;, P; of the Brauer algebra of dimension
(2L — 1)!! are represented on the left; the walled Brauer algebra generator P ;o =
P, P, 1P, is represented on the right.

to the dimension of the Brauer algebra by dim By, (0) = (4L — 1)!! and the parameter
in parenthesis denotes the so-called fugacity for loops. The defining relations of Bay,(0)
can be found in [83]. The words of this Brauer algebra admit a representation as graphs
on 4L labelled vertices with 2L edges connecting the vertices pairwise in all (4L — 1)!!
possible ways, where crossings are allowed. The identity I of the Brauer algebra and the
generators F;, P; are represented by the graphs on the left in figure 5.3. The algebraic
structure of the Brauer algebra is obtained by stacking diagrams. More precisely, in
order to multiply the diagrams one arranges the first 2L vertices horizontally with the
remaining 2L vertices on top of the first ones. The product of a diagram d; with a
diagram ds is the diagram dyd, obtained by first placing the diagram d; on top of the
diagram ds, then identifying the top of the diagram dy with the bottom of the diagram d;
and finally replacing every loop generated in this process by zero. The periodic Brauer
algebra is an extension of the Brauer algebra by the two generators Fy; and P,y which
satisfy the same defining relation as the original ones if the index ¢ = i + 2L is regarded
as periodic. The words of the periodic Brauer algebra are diagrams with the top and
the bottom being circles wrapped around a cylinder and carrying 2L vertices each, such
that the latter are pairwise connected in all possible ways by 2L edges living on the
surface of the cylinder. One can easily see that the periodic Brauer algebra has infinite
dimension.

Definition 5.5.1. The elements E; and P, ;1o := P, P11 F; freely generate a subalgebra
called the walled Brauer algebra. The generators F;,; o are represented on the right in
figure 5.3.

This algebra is of central importance for the study of u (S|S)-invariants as explained
in the following. As stated before, let V' denote the fundamental representation of u (5].5)
and let V* be its dual. Generalizing the well known statement for gl (S), Sergeev proved
in [84] that there is a surjective homomorphism from the walled Brauer algebra to the
invariants of the tensor module (V ® V*)®2E or, equivalently, to the u (S|S)-centralizer
of (V ® V*)®L. This means that the u (S|S)-centralizer of (V @ V*)®L can be viewed
as some representation of the walled Brauer algebra. In particular, the most general
u (S]S)-symmetric spin chain Hamiltonian H one can write down must represent some
element of the walled Brauer algebra. If we restrict to nearest neighbor interactions
only, thus defining a u (S|S) version of the Heisenberg chain, we get a Hamiltonian of
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the form

This Hamiltonian as well as all of its powers and the corresponding evolution operator
e~THTL Jie entirely in the Temperley-Lieb subalgebra of the walled Brauer algebra. Thus,
by the double centralizer theorem, the symmetry of Hpp, must be bigger then u (S|S).
It was shown in [85] that the spectrum of low lying excitation of the homogeneous
chain Hryp, in the scaling limit can be obtained by the free field theory of a pair of free
symplectic fermions,

S ~ /d228u7]1(z, z)0"n9(z, 2). (5.5.3)
2

The degeneracies of the excitations of the lattice model must then be computed by
employing independent representation theoretic tools developed in [10].

We are naturally interested in deformations of the Temperley-Lieb Hamiltonian (5.5.2)
which break the symmetry all the way down to u (S|S) while preserving conformal invari-
ance in the continuum limit. The simplest Ansatz for u (S|S)-symmetric Hamiltonian
is the sum of generators of the walled Brauer algebra. Since the generator P; ;o cor-
responds to second nearest neighbor interactions on the spin chain (V ® V*)®L it is
natural to consider the following u (S]5)-symmetric deformation of the Hamiltonian in
(5.5.2)

Hyen = — Z [tiEi +wi P 0 + a; By Ei g + bz‘Ez'+1Ei] . (5.5.4)

The eigenvalues of the Hamiltonian (5.5.4) are more easily computed by working in
the adjoint - that is in the diagrammatic - representation of the walled Brauer algebra,
rather than in the representation on (V ® V*)®L. However, when switching between the
alternating spin chain and adjoint representations of the walled Brauer algebra one looses
control of the degeneracies of eigenvalues. These can be recovered from representation
theory by methods similar to those used in [18]. We shall call the Hamiltonian (5.5.4)
algebraic when it is considered in the adjoint representation of the walled Brauer algebra.
The actual spectrum of the u (S|.S) alternating spin chain will be a subset of the spectrum
of the algebraic Hamiltonian (5.5.4), that we will refer to as a u(S|S)-sector of the
algebraic Hamiltonian. With a little bit of representation theory of the walled Brauer
algebra one can prove that the eigenvalues of the u (S — 1|5 — 1) spin chain Hamiltonian
are a subset of the eigenvalues of the u(S|S) spin chain Hamiltonian. This is done
in essentially the same way as in [18], where a similar result was obtained for the
osp (2M + 2|2M )-symmetric spin chains.

At a critical point, the space of states of the statistical model usually possesses
some additional discrete symmetries. Without loss of generality one can impose these
discrete symmetries on the Hamiltonian (5.5.4), thereby reducing the number of inde-
pendent couplings ¢;, w;, a;, b;. The scale invariant vacuum in periodic boundary condi-
tions is necessarily translation invariant. Consequently, we shall restrict to homogeneous
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Hamiltonians in (5.5.4), i.e. to those that are invariant under the discrete shift auto-
morphism
Ei — FEiy1, P11 — Piigo

of the periodic walled Brauer algebra. If we additionally assume invariance with respect
to the reflection automorphism

E; — Eor_ita, Pz’,z'+2 - P2L—z',2L—z'+2>

then the Hamiltonian becomes

oL
H = =Y [tEi+wPii2+a(EiEy + Ein B . (5.5.5)
i=1

Furthermore, we shall restrict to real couplings ¢, w and a. We now need to gain further
insight into the roles of the new couplings w and a. In particular we shall argue that
w is an exactly marginal coupling which corresponds to the radius parameter R of the
continuum theory, while on the other hand the coupling a seems to be irrelevant and
will eventually be set to zero.

In order to interpret the couplings a and w we shall mostly work in the u(1[1)
subsector, i.e. we will consider the Hamiltonian of (5.5.5) as an operator on the state
space of the u(1|1) alternating spin chain. The resulting theory can be understood as
a discrete version of the free theory of symplectic fermions, by introducing a set of 2L
creation and annihilation fermionic operators

{oi3;} = 65,  i,j=1,...,2L. (5.5.6)

These may be employed to represent the generators of the walled Brauer algebra through
the following quadratic expressions

Ej= (=1Y(¢; — @j41)(@5 + 9j11) (5.5.7)
Pj—l,j+1 = (_1)j [1 - (@j—l - @j+1)(<ﬂj—1 - <Pj+1)] .

The continuum limit of the u(1|1) Hamiltonian (5.5.5) with a = 0 is described by an
action of the type (5.5.3), the same we found for w = 0. In other words, when a = 0 and
S =1, the perturbation with P, ;5 is truly redundant for its only effect on the lattice
is to renormalize the sound velocity

Vsound = 2tV 1+ 4w .

Switching on the coupling a # 0 in the u(1|1) alternating spin chain (5.5.5) provides a
quartic interaction in terms of the discrete fermions (5.5.6). The resulting model does
not seem to be exactly solvable. One of the fourth order terms of the continuum theory,

55 ~ / &2 1y (2)1a(2) 0 ()0 (2),
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has been studied in detail in [86], where it was shown to be either marginally relevant or
marginally irrelevant, depending on the sign of its coupling. In the continuum theory,
adding a fourth order term in the fermions is actually inconsistent with the u(1|1)
symmetry of the model.® Free symplectic fermions possess 16 bulk fields of weight
h = h = 1, eight of which are obtained by multiplying 1,7y, 7, m1, with 91, or dn,,
while the for the remaining eight one uses similar expressions withd in place of 9. Under
the right (or left) action of u (1]1), these transform in four indecomposable projectives.
A closer look reveals that only two of the 16 fields are true invariants, i.e. annihilated by
all the u (1|1) generators, and that both are quadratic in the fermions. Hence, adding a
fourth order term to the symplectic fermion model breaks the u (1|1) symmetry, leading
us to to conclude that non-zero values of the parameter a in the lattice theory will not
affect the continuum theory, at least not for small enough value of a.

We suggest that the above conclusions should remain essentially correct for S > 1.
The numerical diagonalization of the algebraic Hamiltonian (5.5.5) for a = 0 indicates
that its lowest eigenvalue lies in the u(1|1)-sector. This means that one can compute
this lowest eigenvalue by restricting the algebraic Hamiltonian (5.5.5) to the state space
of the u(1]|1) alternating spin chain. Hence, w should be ezactly marginal even for
S > 1, at least as long as a = 0. It is tempting to think that this conclusion remains
valid for nonzero values of a and that a continues to be irrelevant. This concludes the
set of arguments in favor of taking (5.5.1) as the Hamiltonian of the model.

To have a complete correspondence between the couplings of the CPS~¥ sigma
model and those of our lattice model we are still left with the problem of identifying a
second lattice coupling that could implement the 6 angle. Let us anticipate that the 0
parameter corresponds to staggering the couplings of the lattice model, while postponing
further details until the conclusion.

In the following we shall provide strong evidence for our claim that the spectrum of
low lying excitations of the alternating u (S|S) spin chain with Hamiltonian given by
(5.5.1) is described by the sigma model on the complex projective superspace CpS18
with § = m. However, before we start gathering this evidence it is useful to sum up all
our the arguments connecting the spin chain (5.5.5) to the CP*~ ¥ sigma model in a
diagram represented in figure. 5.4.

5.6 Open alternating u(S|S) spin chain

Following the outcome of our discussion in the last section, let us now work with the
alternating u (S].S)-spin chain on the space (V @ V*)®F with Hamiltonian

2L-1 2L-2

i=1 =1

We remark that, since the number of V' and V* representations in this spin chain is
the same, the symmetry is actually psl (S]S). Since in our investigation of the sigma

8We thank N. Read for a discussion of this point.
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discretization representation
o-model =----------- = Hys)s) =
h logical reducti
cohomological reduction Hpyoner
symplectic I
ermions ] T u(1]1) )
discretization representation

Figure 5.4: Connexion between the CFT of the CP° ¥ sigma model and the symplectic
fermions, on the one side, and various lattice models, on the other side. The only
connexion in the diagram which is not yet fully understood is represented by a dashed
line and will be supported in the following sections.

model we looked at boundary spectra, we now need to consider an appropriate open
chain in order to be able to compare the numerical to the continuum results. Numerical
evidence suggests that in the limit w — oo and L — oo, the eigenvalues Ej,(L) of the
Hamiltonian (5.6.1) become infinitely degenerated. Therefore, we identify the point w =
oo with the large volume limit of the sigma model on the complex projective superspace
CP*~ 9, A similar identification was successfully proposed in [18] for the osp(25+2|25)-
spin chain on V&L,

Without any additional algebraic guidance, the spectrum of the Hamiltonian (5.6.1)
is rather difficult to analyze. In order to unravel some of the structure, it is useful
to classify eigenvalues according to the representations of the walled Brauer algebra
that appear in the decomposition of the state space (V ® V*)®L. If one is interested
in states that transform according to some irreducible representation of the u (S].S)
symmetry, it pays off to identify those representations of the walled Brauer algebra
that are compatible with the required symmetry. The Hamiltonian (5.6.1) may then be
restricted and diagonalized within each such building block.

We shall be mainly concerned with the numerical analysis of excitations of H whose
eigenvalues vanish in the limit w — oo. On the sigma model side, these are the scaling
dimensions of tachyonic fields, i.e. of those fields that can be built from square integrable
functions on the complex projective superspace CP51s, According to the results of
[87] and of subsection 5.2.1, the space of tachyonic fields may be identified with the
multiplicity free direct sum of supersymmetric, self-dual, traceless u (S|S) tensors t(k, k)
of rank k£ > 1 and the indecomposable traceless but reducible tensor ¢(1,1) =V ® V*
of which the trivial tensor ¢(0,0) is a submodule. In our analysis of the CP'? model,
these were denoted by t(k, k) = g for k > 2. The space ¢(1, 1) contains the irreducible
representations of weight y1 ¢ once, and of weight 1o twice, meaning that top¢(1,1) =
soct(1,1) = [uoo) and radt(1,1)/soct(1,1) = [u1,0]. More details on these labels can be
found in appendix D.

We now restrict the Hamiltonian (5.6.1) to the submodule of (V @ V*)®L that
contains all states in the u (S|S) representations t(k, k), where k =0, ..., L.

Definition 5.6.1. The vector space of all possible embeddings of u (S|.S) tensors ¢(k, k)
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into (V ® V*)®L k # 1, can be endowed with an action of the walled Brauer algebra
and it provides an indecomposable representation which we denote by 7y, 1(k, k).

Similarly, the vector space of all possible embeddings of the u (S|S) tensor t(1,1) =
V@ V*into (V® V*)®F can be endowed with an action of the walled Brauer algebra.
In this case, the space gives rise to an indecomposable representation I . It is not
difficult to see that the space Tr, 1(0,0) (which we defined previously) is a submodule of
Iy, .. The corresponding quotient will be denoted by 17, 1(1,1) = Iy, /77 (0,0). The
space T, 1,(1,1) is actually not irreducible either. In fact, it can be shown to possess
the module 77, 1(0,0) as a quotient. All these statements may be proved using the
geometric, i.e. adjoint representation of the walled Brauer algebra.

Definition 5.6.2. Borrowing from the literature on self-avoiding walks, we shall call the
lowest eigenvalue of the Hamiltonian (5.6.1) in the space T, 1 (k, k) the 2k-legged water
melon exponent hoo(k). Here the subscripts of hoo(k) remind us that we are currently
only dealing with the M = N = 0 boundary condition.

According to our discussion above, the degeneracy of hgo(k) is dim¢(k, k). The
numerical results presented in figure 5.5 strongly suggest that the continuum limit of
the watermelon exponents is given by the very simple expression

goo(w) Cas(k) goo(w)k(k — 1)

hoo(k) = 1 - 5 : (5.6.2)

where Cas(k) is the value of the quadratic Casimir? in the irreducible representations
t(k,k) for k # 1. For k = 1, Cas(k) = 0 is the value of the quadratic Casimir in
either the adjoint or the trivial representation of u (S|S). The degeneracy of the hg (1)
watermelon exponent with the vacuum is due to the fact that, as we mentioned above,
T1,1(0,0) is a quotient of 77, 1(1,1).

The numerical results should be compared with our formulae (5.3.25) and (5.3.30)
that determine the conformal weight h = 6Cg /4 of boundary fields in the continuum
model. Using the association of the k™" watermelon exponent with the weight s, o and
the dictionary at the end of appendix B, we conclude that

5oC([k —1,0,2,0)) = 2k(k—1) .

This is in perfect agreement with our continuum theory. Note that both on the lattice
and in the continuum the ratio between the conformal weight and the value of the
Casimir element is universal, i.e. it is independent of k. On the lattice, the universal
function goo = goo(w) depends on the lattice coupling w. The corresponding function
90,0 = 900(gs,0) is known explicitly, see equation (5.3.30). We will provide support
below for the claim that # = 7 in the continuum limit of our lattice theory. Anticipating
that, we can use the identification goo(w) = go,0(9o,0 = ) to determine numerically the
functional dependence w = w(g,) of the lattice on the sigma model coupling g, .

9For these representations, the value of the quadratic Casimir is independent of «, see (D.0.2).
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Figure 5.5: Plot of ggo(w) extracted from the watermelon exponents hgo(2), hoo(3) and
hoo(4) computed at L = 9 with the help of eq. (5.6.2).

5.7 Twisted open alternating u(S|S) spin chains

The numerical analysis performed in the previous section suggests that the spectrum
of the open u (S]S) spin chain is described in the continuum limit by the sigma model
on CP*~1¥ subject to Neumann boundary conditions or modified Neumann boundary
conditions in the presence of a f-term. However, the sigma model on CP ™15 admits
a much larger set of boundary conditions that do not break the global u (S]S) symme-
try, namely those described by the nontrivial complex line bundles over CP° ~US The
complex line bundles can be different at the different ends of the string and we label
them by two integers M and N called monopole charges. These bundles may be in-
troduced by adding boundary terms to the action, that is integrals of locally defined
1-forms along the two boundaries. Each of these forms is then interpreted as a connec-
tion defining a complex line bundle. Naturally, if the two bundles are different, then so
are the boundary conditions at the two boundaries of the world-sheet. Twisting of the
spectrum should then be expected when M # N. In fact, as we showed in section 5.3.2,
the u (1]1) subsector of the CP°~!¥ sigma model is described by a pair of twisted free
symplectic fermions with twisting parameter

2lgc2,

170,60 OnOngl’ (5.7.1)

taIl7T>\M7N =

where O, = %—I—QM, Oy = %—I—QN and [ = M — N. It is natural to ask if one
can associate a spin chain to each of these more general boundary conditions and as
we explain in the following, the answer to that question is positive. We shall describe
the general setup in the following subsection, following that with a discussion of our
numerical results, first for the u (1]|1) subsector and then for the watermelon exponents
in the general twisted open chain.
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5.7.1 Monopole boundary conditions

The space of sections in the non-trivial complex line bundles over CP*® ~U5 is endowed
with an action of u(S]S) rather than the psl(S|S) of (5.6.1). Therefore, in order to
break the psl (S]S) symmetry one can proceed by considering the chain of section. 5.6
with some extra V’s or some extra V* glued to the ends of the chain. Depending on
what we attach to either end of the chain, there are four cases to consider, that we list
together with the Hamiltonians we chose to describe their dynamics:

yemn g (V ® V*)@L ® (V*)®n . HYV: = HX +Hp + H%*
vem g(Veviete ver: HY = HY S HoHy o
(V*)®m ® (V ® V*)@L ® (V*)®n . HVV — HX* + Hp + Hg* o
(V9)Em @ (Ve V)oLle ver: HYV' = H/" + Hp+ Hy,
where the bulk Hamiltonian is the same as in (5.6.1), i.e.
2L+m—1 2L4+m—2
HB = — Z Ez —w Z Pi,i+2 y (573)
i=m+1 i=m+1
while the boundary Hamiltonians are as follows
m 2L+m+n—1
Hg = — UZ F)i,i+1 HR* = —v Z F)i,i+1 (574)
i=1 i=2L+m
m—1
HX* = —Uu Z Pi,i—i—l - w'Pm7m+2 - t/Em (575)
i=1
2L+m+n—1
H;V{ = - t//E2L+m - w//P2L+m—1,2L+m+1 —v Z Pi,i—i—l . (5-7-6)
i=2L+m+1

Taking into account that the monopole charges M and N describing the boundary
conditions of the CP°~ ¥ sigma model can be both positive and negative, the existence
of four types of chains (5.7.2) labelled by two positive integers m,n is quite suggestive
of a possible identification. On the other hand, the boundary conditions in the CP~!%
sigma model and the bundles associated to the corresponding branes do not depend on
the details of the connection, but only on their curvature, which is fixed by the monopole
charge M or N. In view of the relation we are about to establish between the spectrum
of the CP°~!¥ sigma model and that of the chains (5.7.2), the previous remarks raise
the question as to how much the spectrum of the Hamiltonians (5.7.2) depend on the
precise form of the boundary terms (5.7.4-5.7.5). We shall analyze this issue in the
u (1]1) subsector first.
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5.7.2 Numerics for the u(1|1) subsector

To answer the question of universality and check the applicability of formula (5.7.1) to
the chains (5.7.2), we first look at their u (1]|1) subsectors. In this subsector, we make
use of the Brauer algebra representation (5.5.6) via discrete free fermions and extend to
the twisted open spin chain. With the boundary interaction terms

Prgv= —Prgys = [1 = (01— P2)(01 — ¢2)]
Pyg vig v = —Prrgve vv = [1 — (@1 — @3)(p1 — ¥3)]
Eygvr = —Eysgr = —(@1 — @2)(p1 + ¥2),

we obtain a free system that can be studied numerically and with great efficiency. Let
us anticipate the following three basic outcomes of the numerical analysis.

1. The u(1]1) spin chains (5.7.2) flow to the free field theory of symplectic fermions
with twisted boundary conditions of the form (5.1.19).

2. The twisting parameter A does not depend on the boundary couplings wu,t', w’, t”,
w”,v as long as t',t”,u and v are non-zero and the bulk length L of the chain is
sufficiently large.

3. In the continuum limit, the dependence of the twisting parameter A on m, n and
w for all four chains (5.7.2) is reproduced by equation (5.3.27) for the CP~!%
sigma model with

0=m (5.7.7)

provided the following identification between the monopole charges and the thick-
ness of the boundaries of the chains is performed

VEm @ (Ve V)L g (V). M = +4+m N = +4n (5.7.8)
VO (Ve Ve Ve M =+m N = —n (5.7.9)
(VHEm @ (Ve VI®E e (V)@ M =—-m N =+n  (5.7.10)
(V)" @ (Vo VYo Ver: M = -m N = —n. (5.7.11)

We now present the numerical evidence supporting these claims one by one.
The numerical calculations supporting claim 1) are presented in figure 5.6, in which

we compare the conformal dimension h of the ground state of our spin chain with the

expression

AA—=1)
2

which determined the conformal dimension of twist fields in terms of the twist parameter
A. For the lattice model, the twist parameter is measured as the first excitation over the
vacuum in the u(1|1) subsector.

h = (5.7.12)
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Figure 5.6: Conformal dimension of the ground state of one of the chains (5.7.2) com-
pared to the prediction provided by a twisted spectrum.

Numerical evidence for the claim 2. on universality in the choice of the boundary
terms (5.7.4-5.7.5) is presented in figure 5.7.

Combining our claims 1. and 2. we see that for generic boundary couplings u, t/,
w', ", w” and v the spectrum of the Hamiltonian (5.7.2), or at least of their u(1]1)
subsectors, depend only on the thickness m and n of the boundaries. In conclusion, the
number of relevant parameters in the four boundary terms (5.7.4-5.7.5) exactly matches
the number of parameters needed to describe the set of boundary conditions preserving
the global symmetry of the CP°~!¥ sigma model.

Figure 5.7: Universality of Ay n for several chains at w = 0 and w = 4.

Finally, we present in figure 5.8 compelling evidence for the last claim 3. Using
numerical data for Ay, y generated from chains with different values of M, N and w, we
plotted on the same graph g2 expressed as a function of tan wA; y from equation (5.7.1)
with @ = 7. The appearance of a one to one correspondence between w and g2, which is
independent of the chain we use, justifies the applicability of (5.7.1) to the spin chains,

142



5.7. TWISTED OPEN ALTERNATING U (S|S) SPIN CHAINS 143

the correct value (5.7.7) of the #-angle and the correct identification of the monopole
charge (5.7.8-5.7.11).

This completes our analysis of the u (1|1) subsector for the chains (5.7.2). So far, all
our numerical results were in perfect agreement with the continuum CPY' sigma model.
This supports our claim that the alternating u (/N|NN) spin chain delivers a discrete
formulation of the CP°~!¥ sigma model and it gives us sufficient confidence to address
the watermelon exponents for twisted spin chains with S > 1.

10 - .
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Figure 5.8: Numerical evaluation of the one-to-one correspondence between the CP~1%
sigma model coupling constant g2 and the bulk coupling constant w of the spin
chains (5.7.2). For the chains N = 0 we represent both branches for g expressed
as a function of tan 7y n. Calculations where made for L = 800.

5.7.3 Watermelon exponents for the twisted open chain

Our aim now is to generalize the discussion of section 5.6 to the case of general monopole
boundary conditions with the precise goal of determining the conformal weight of tachyon
vertex operators. For [ > 0, the latter are associated with supersymmetric irreducible
traceless tensors t(k + [, k) of contravariant rank k 4 [ and covariant rank k, while for
[ < 0 these are the supersymmetric irreducible traceless tensors t(k, k+|l|) of contravari-
ant rank k& and covariant rank k& + |/|. In both case k is a non-negative integer, which
for CP'? corresponds to the labels ju;; used before.

Let us restrict the algebraic Hamiltonians (5.7.2) to the representation of the walled
Brauer algebra provided by the space of embeddings of the tensors t(k+1, k) and t(k, k+
|I|) into the spin chains (5.7.8-5.7.11) with monopole numbers M and N. The lowest
eigenvalue of the Hamiltonian in each of these sectors will be called the (2k + |I|)-
legged watermelon exponent hps n(k). As in the case of the chain in section 5.6, the
watermelon exponents all vanish in the limit w — 0, which we recall is the region that we
associated with the large volume limit of the CP°~!¥ sigma model. The first two of these
watermelon exponents are already contained in the u (1]1) subsector of the model, both
in the continuum and on the lattice. They are not degenerate, with hys v (0) describing
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the twisted vacuum and hj (1) the first excitation. Their difference is

Ay = harn(1) = hagn(0) (5.7.13)

Another important observation coming from lattice calculations is the Casimir evo-
lution for the ezcitations of the spin chains (5.7.2). Namely, numerical calculations
provide compelling evidence that the following formula

kE(k+ 1l -1
(WLMJV(]{?) = hMJV(k’) — hM,N(O) = gM,N¥ (5714)
holds for sufficiently large w and with an universal function g,; 5 that depends only on
M, N and w. In order to compare with our continuum theory, we note that (5.3.25)

gives

0,C é +k—1,0, é +2, %] —6,C [é,(), é, é} = 2k(k+1-1) (5.7.15)
for l = M — N > 0, while a similar result can be obtained when [ is smaller than
zero. We recall that the watermelon exponents hys v (k) are associated with the label
i defined in appendix D. In conclusion, we see that our lattice observation (5.7.14)
for the watermelon exponents agrees with their proposed continuum description in the
CP'"? model.

By analogy with section 5.6, the function gs y should be interpreted as the effective
tension of the string stretching between the bundle with monopole charge M and the
bundle with monopole charge N. In the continuum theory, we related the function g n
to the twist parameter Ay y through the equation

M- N
)\M,N = gg

. 7.1
g (5.7.16)

It is interesting to test the validity of this relation numerically. In figure 5.9 we rep-
resent the ratio |l|gy n/2Am N as a function of w. As before, we measure the function
g,y through the equation (5.7.14) for different excitations hps (k). If the Casimir
evolution (5.7.14) holds true, then we should see a constant value of |l|gan/2A v =1
for the ratio, independently of the watermelon exponent that is used to measure g .
While things work out remarkably well in the regime of large w, obvious discrepancies
appear when w is close to w ~ 0, the possible interpretation of which are discussed in
the next subsection.

5.7.4 Comments on the region of small w

There are actually several possibilities to interpret the failure of equation (5.7.16) near
w = 0, two of which are the subject of our discussion below, while leaving the ultimate
test of the correct explanation for future work. In confronting our numerical results with
the proposed continuum description, we have tacitly assumed that the spin chains (5.7.2)
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Figure 5.9: Test of eq. (5.7.16) following from the assumption of Casimir evolu-
tion (5.7.14). Calculations where made for spin chains (5.7.2) of bulk length L = 7
and L = 8 and the corresponding curves almost superpose.

at w = 0 still describe a point in the moduli space of the CP*~15 sigma model. This
is a very strong assumption given that the symmetry of the bulk Hamiltonian (5.7.3)
becomes much larger [10] than u(S]S) at w = 0, essentially because the lines in the
Brauer algebra representation are then prevented from crossing.

In assessing the meaning of the observed discrepancies, it is useful to recall that a
similar issue has also appeared for the osp(2M + 2|2M) spin chain considered in [18],
where the osp spin chain was proposed as a discretization of the S2M+12M gupersphere
sigma model. Generic features of the lattice spectrum were found to be in excellent
agreement with the conjectured spectrum of the sigma model, as long as w was large.
However, problems similar to the ones we described in the previous subsection were
encountered at the point w = 0. Similarly to what we have found here for the u(1|1)
sector of the u (S|S) spin chain, in the supersphere case, the discrepancy was only visible
when looking at fields outside the O(2) subsector of osp(2M +2|2M) theory. Looking at
all these similarities, it seems likely that the discrepancies between lattice and continuum
analysis in the u (S]S) and osp (2M + 2|2M) model should have the same explanation.

In the case of the supersphere sigma model, however, the assumption of Casimir
evolution for the whole spectrum stands on rather firm grounds. To begin with, the
perturbative expansion for boundary conformal weights in the supersphere sigma model
may be summed to all orders, as was done in [48], showing that terms that spoil the
Casimir evolution vanish. Moreover, world-sheet instanton corrections cannot alter these
findings, simply because they do not exist in this case. Finally, a conjectured duality
between the supersphere sigma model and the osp (2M + 2|2M) Gross-Neveu model
was shown in the past chapter to be perfectly consistent with the Casimir evolution
of boundary conformal weights. All this makes it seem very likely that the conformal
weights of the two investigated sigma models all evolve with the Casimir, as encoded in
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our formula (5.3.24).

Having argued that the discrepancies between our lattice and continuum results are
unlikely to signal a breakdown of the Casimir evolution in the sigma model, we want
to entertain a second logical possibility, namely that the continuum limit of the spin
chains (5.7.2) is described by a CP® ~US sigma model only for w > 0, while at w = 0 it is
not. If this were true, then the discrepancies observed in figure 5.9 would simply result
from interchanging the thermodynamic limit L — oo with the limit w — 0. A similar
non-commutativity of limiting procedures can also be numerically observed in the large
volume limit w — oo where the symmetry of the Hamiltonian is once more enhanced
much beyond the generic u (S|S) transformations.

Support for our second explanation of the discrepancies comes from a closer inspec-
tion of the watermelon exponents. At w = 0, the lattice model is exactly solvable and we
believe that the differences between water-melon exponents are given by the expression

k(k+ 2\ — 1)
2

Shyn(k) = (5.7.17)
where Ay y is again measured as the difference Ay v = hasn(1) —harn(0). The formula
(5.7.17) can most certainly be derived analytically, but we simply justify it for now by
observing that it fits the general pattern of boundary exponents of non-intersecting loop
models as discussed in [88]. Indeed, it can be rewritten as

hM,N(k) = hQAAI,N—l,Q)\]wyN—l-i-Qk
where on the right hand side we use the Kac formula at central charge ¢ = —2:
2r —s)2 —1
oo @Gros-l
’ 8
25har,n (F)
M N k(k+2)\1wy]\r—1)

k=2 k=3 k=4

0 | 1.050128 | 1.037253 | 1.010766
0 | 1.098296 | 1.094754 | 1.070405
0.98817 | 0.969892 | 0.945022
-2 1 1.016252 | 1.006706 | 0.984296
-2 1 1.034566 | 1.033275 | 1.014131

_ o O N
I
—_

Table 5.1: Numerical check of the proposed formula (5.7.17) for the watermelon expo-
nents of the spin chains (5.7.2) at w = 0. Calculations where made for bulk length
L=T.

A verification of this formula is presented in table 5.1. The numbers in the grid
should all go to unity in the scaling limit and we see that the agreement with (5.7.17) is
quite impressive. On the other hand, the behavior of watermelon exponents in the chain
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with w # 0 is significantly different, supporting our claim that the continuum theory
of the w = 0 lattice model does not belong to the continuous family of conformal field
theories that is parametrized by w > 0.

5.7.5 Further comments

We want to end our discussion of the non-linear sigma model on CP'? by pointing out
some further consequences of the Casimir evolution of the boundary conformal weights
that could be checked in the limit of large volume. We first note that our perturbative
computations for tachyonic vertex operators in (5.3.18) were only performed in the
theory with equal boundary monopole charges M = N.

While the conjectured exact form (5.3.23) of watermelon exponents in the theory
with arbitrary boundary monopole charges M, N passed several analytical and numerical
tests, it could not be backed up by perturbative calculations beyond the leading order
because we did not succeed to generalize the background field expansion to twisted
boundary conditions. Nonetheless, we suspect that such a generalization exists and the
watermelon exponents will most likely be computed again in terms of the eigenvalues
of some Laplacian on the bundle with monopole charge [ = M — N. The problem is
that for [ # 0 this Laplacian is not unique, as can be seen from the existence of an
one-parameter family of u(S|S) Casimirs Cas, in appendix B.4 and D. If we are to
choose however
_ 9uN(9s,0)

2
then the conjectured form (5.3.23) for the watermelon exponents coincides exactly with
a Casimir evolution type formula

a=1

g 9
h?\zif(k) — % Casa(uk,l%

which is most natural in the context of the background field method. On the other
hand, these conjectured watermelon exponents possess the following simple expansion
in the coupling ¢,

95 29,
(k) = 2 Casocy (ug) + 221 +0(g8)

Here, Cas,—i(u,;) are the eigenvalues of the Bochner-Laplacian of the complex line
bundles over CP°~1¥ and, as we said, the first term can be reproduced by the semi-
classical, i.e. large volume approximation. In the case [ # 0 the first correction to
the semi-classical result comes at order g2, which is an accessible non-trivial check to
be performed once the perturbation theory for twisted boundary conditions has been
ironed out.

Moving away from @ = 7 in the sigma model corresponds to staggering the couplings*®
of the spin chain. In the case w = 0, it is well known that staggering in fact does not

10See [16] for an introduction to this terminology
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affect the spectrum at all, but for w # 0 we expect that staggering will renormalize the
coupling constant to which the lattice model flows, turning g2 (w) into a function of both
w and the staggering parameter, on top of affecting the value of 6 in the formulae. Our
continuum theory makes rather non-trivial predictions about this functional dependence
that seem well worth further investigation.
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Chapter 6

Conclusions

6.1 Looking back

The main goal of this thesis was to develop new tools for the investigation of non-
linear sigma models and to apply them to specific examples so that an intuition of their
behavior may be developed. Our major results can be summarized as follows.

We first presented the method of cohomological reduction that relates non-linear
sigma models on different coset superspaces G/G’ to each other, allowing us to gain
insight into quite complicated theories and to compute some of their correlation func-
tions. This is achieved thanks to an extensive use of the target space supersymmetry by
choosing a BRST-like operator () whose cohomology defines the space of physical states
for the reduced theory. This correspondence preserves all correlators and can also be
applied to other, non-geometric, theories such as for instance Gross-Neveu and Landau-
Ginzburg models. An important application of this method was the classification of
conformal symmetric superspaces in subsection 3.3.2 and the examples of conformal
homogeneous superspaces in 3.3.3.

The sigma models on the superspheres S?M*+12M had previously been studied using
a loop model formulation in [18,19], leading to a conjecture for a dual description of
the model generalizing the well known free boson — Thirring model duality. We were
able to delve further into this hypothesis and managed to obtain two central results.
First we were able to compute the exact boundary spectrum of a volume filling brane in
the non-interacting limit for all the superspheres S*?+12™  More importantly, thanks
to [48], we could in the case of S3? compute this spectrum for all values of the curvature
radius. The second result concerns the osp (2M + 2|2M) Gross-Neveu model, for which
we could construct the spectrum of a Dirichet D-brane and, thanks to [34], to deform it
exactly as the coupling constant changes. The resulting identity between the sigma and
Gross-Neveu models’ respective spectra provided extremely strong additional support
for the duality.

Encouraged by our results for the supersphere sigma models, we directed our atten-
tion to a similar problem and analyzed the boundary partition functions for all u(2|2)
invariant boundary conditions of the sigma model on the projective superspace CP'2.
The dependence of this partition function on the bulk couplings and on the boundary
monopole charges was displayed in equation (5.3.24). The main ingredients of the final
result were found out to be the branching functions (5.2.21) of the model at infinite
volume and two universal functions exhibited respectively in (5.3.27) and (5.3.28). The
partition function encodes the dependence of boundary conformal weights on the various
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couplings and justifies and generalizes the results in [11]. To further our understanding
of the CP'? sigma model, we introduced a lattice model on an alternating spin chain.
Numerical studies of the latter revealed an excellent agreement with the predictions
from the continuum theory, at least for sufficiently large values of the lattice coupling
w. Furthermore, by appending layers of finite width at the extremities of the open spin
chain in (5.7.2), we were able to implement all the boundary conditions of the continuum
theory.

6.2 Unresolved issues

Despite the many successes we have had in studying the supersphere and complex pro-
jective superspaces sigma models, many open problems remain. The first and perhaps
most important question concerns the bulk spectra of these theories. Let us concentrate
on the Gross-Neveu dual of the supersphere for which we are able to say the most.
While [34] focused on a bulk deformation preserving global left and right transforma-
tions simultaneously, the current-current perturbation (4.1.9) considered here for the
free Gross-Neveu model is of a very different type for, since the deforming operator does
not involve any tachyonic vertex operators, there is no mixing problem, neither in the
boundary theories, nor in the bulk. On the other hand, the perturbation breaks the
global bulk symmetry at the free point down to a single diagonal action of the symme-
try algebra. Therefore, while it should be possible to deform bulk spectra, it becomes
more difficult to identify the relevant osp(2M/ 4 2|2M) action as we deform from R =1
to R = oco. Thus, the deformation of conformal dimensions away from the free points
of the theory cannot follow a law as simple as in the boundary case. Several proposals
have been made during the making of this thesis, the most promising of which used the
left-right global symmetry of the free point, but no satisfactory answer has been found
yet.

The second unsolved problem involves the incorporation of world sheet supersymme-
try in our models. While we have been successfull in extending the supersphere sigma
model to N = 1 supersymmetry in the infinite volume limit, we have no valid expres-
sions for the interacting theory. We think that the dual description of the theory will

be a Gross-Neveu model made worldsheet supersymmetric by the addition of h = 1

fields transforming into the adjoint representation, but have found no way of providing;
conclusive evidence for this conjecture so far.

A further open question concerns the issue of conformal symmetry. For sigma models
on symmetric superspaces G/G%2, we found a free subsector H/H?%2 if and only if the
original model was conformal. Furthermore, we also provided several examples of more
general homogeneous coset superspaces G/G’ that possess a free subsector. Though we
are not prepared to argue that these coset sigma models are in fact conformal, we believe
this to be the case, at least for an appropriate choice of the background fields G and B.
In any case, this certainly deserves further investigation.

The fourth open problem lies within our study of the lattice model formulation of the
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CPY ' sigma model. We came to the striking conclusion that, like in the supersphere
case, the chain without loop crossing in the Brauer formulation, or w = 0, seems to be
in an universality class not containing the generic w # 0 case. Apparently, one cannot
freely exchange the two limits of infinite spin chain length and zero coupling constant so
that the perturbation induced by turning w # 0 on the lattice is relevant. The conformal
field theory at the point w = 0 admits a very large, not yet fully explored symmetry,
whose bulk spectrum should, in order to have consistency of the whole picture, contain
a marginally relevant invariant operator that must be absent in the minimal U (1|1)

subsector. As of the present moment, the existence of this elusive operator remains to
be established.

6.3 Looking forward

As we have stated in the introduction, one of the main motivations for the study of
superspace sigma models comes from the AdS/CFT correspondence. It is likely that
the ideas of this work can be adjusted so as to apply to models that are relevant for the
study of strings in Anti de Sitter geometries. In the case of euclidean AdSs3, for example,
correlation functions of chiral primaries have been computed in the NSR formalism using
the explicit solution of the WZNW model on the bosonic space Hi x SU(2). A closer
look at the results of [89,90] shows that most of the intricate features of the full WZNW
model cancel out from the correlation function of chiral primaries, leading to an answer
that looks very much like a three point function in some free field theory. We hope to
re-derive and extend these findings through a cohomological reduction, after re-phrasing
the computation in the target space supersymmetric hybrid formalism [14]. A detailed
analysis in currently being pursued.

Concerning the study of strings on AdSs, concrete applications seem a little more
speculative. Within the pure spinor approach, strings in AdSs x S® may be described by
coupling the superspace coset model PSU (2,2[4) /SO (4,1) x SO (5) that we described
in subsection 3.3.3, to the pure spinor ghost sector [5]. Since its denominator group is
purely bosonic, we cannot apply our ideas, neither to the matter sector alone nor to
the full theory. Actually, in this case any element @ € psl (N|N) from the numerator
Lie superalgebra satisfying @? = 0 may be shown to possess trivial cohomology. A
non-trivial subsector can only emerge after restricting to physical states, that is to the
cohomology of the world-sheet BRST operator (Qgrst of the pure spinor theory. Gener-
alizing our work to this setup would require a thorough analysis of the bi-complex that
is generated by the BRST operator Qprst along with the space-time supersymmetry
generator (). A more direct application of the cohomological reduction to strings in
AdSs might be possible within the light-cone gauge fixed! Green-Schwarz formulation.
In this approach, the unbroken space-time symmetries are described by two copies of a
centrally extended psu (2|2) algebra which share the same central elements and it might

1See for example [8]
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be feasible to use some of the corresponding fermionic generators for a cohomological
reduction.

A further possible direction for the investigation of string theory on Anti de Sitter
spaces involves making use of the experience gained in chapters 4 and 5. The super-
spheres S2M+112M a1 the complex projective superspaces CPY 1 have been advocated
previously in [32,33] as good toy models for the world-sheet description of string theory
on AdSs x S°. To begin with, it is certainly possible to determine the exact spectrum
of the free sigma model on the string background PSU(2,2|4)/SO(1,4) x SO(5) at the
free point, much as this was done here. The deformation of the spectrum away from
the infinite radius point cannot be as simple as in the supersphere case, since we know
for sure that there are some operators whose anomalous dimensions do not possess such
quasi-abelian dependence. Assuming nevertheless that such an exact deformation of the
conformal dimensions is possible, we could start looking for special values of the radius
at which the spectrum contains only half-integer or integer values for h. We know for
sure that such a point exists, namely the radius Ry for which the string model becomes
dual to the free N = 4 supersymmetric Yang-Mills theory. One might hope that such
a point is described by a free world-sheet theory, just as it is the case for the super-
spheres. In this sense, the dual of the free Yang-Mills theory would be the analogue of the
free Gross-Neveu model. If one could find such strong-weak coupling duality within the
world-sheet description of strings in AdS, it would reduce the AdS/CFT correspondence
to a remaining weak-weak coupling duality, just as we argued in the introduction. Such
candidates for world-sheet descriptions of weakly coupled gauge theory have appeared
in the literature, as for instance in [91-93].

Assuming that we can iron out the issues that we have had with the worldsheet
supersymmetric extension of the supersphere sigma models, we would like to investigate
the N = 2 version of the CP*~!¥ sigma models. If possible, this would shed further light
on the proposal of [64] to use superstring theory on CP?" as a description of perturbative
super Yang-Mills theory.

The last possible further reseach direction we wish to mention concerns the closely
related non-compact sigma model on the coset space U(1,1]2)/U(1|1) x U(1|1) that was
considered in a modified form in [12] because of its possible relevance for the theory
of quantum Hall plateau transitions. The spin chain discussed in [12] involves infinite
dimensional representations and a pure Heisenberg interaction.? It would be interesting,
among other things, to study the role of next to nearest neighbor interactions in that
case, and to analyze whether they allow fine tuning of the running coupling constant as
in our model. It could also be of interest to interpret our bundle boundary conditions
in terms of edge states in the Hall effect [68].

2This chain was proposed earlier in unpublished work by N. Read.
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Appendix A

Notation

g,G Lie superalgebra, Lie supergroup
95/ 91 Even/odd part of g
g Cartan subalgebra of g
rank g Rank of g, equal to dim g,
g, Root space for the root «
A Set of roots of g
Ag/ Az Even/ odd roots
AT/A™ Positive/ negative roots
A Weight of g
rt Set of allowed integral highest weights
o, A Symmetric, antisymmetric tensor product
socV, topV,rad V Socle, top and radical of V'
Kerg, Img, Hg Kernel, image and cohomology of )
Sym" Alt" n — fold sym./ antisym. tensor product
nt Constant space-time metric
e 2d antisymmetric tensor with €2 =1

AB, Structure constants of g
KAB Killing form of g
Q Lie superalgebra automorphism
] Grassmann algebra
&(g) Grassmann envelope of g
J, =909 Maurer-Cartan forms
S, L Action, Lagrangian
by Worldsheet
g/b Metric/ form on G/G’
@ Local observable
Faar Space of local observables on G/G’
$(G/G") Space of smooth functions on G/G’
A Symplectic fermions twist parameter
w Automorphism of boundary CFTs
w Space of chiral fields
T/T Hol./antihol. parts of the stress-energy tensor
L, L, Modes of T, T
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Appendix B

Representation theory

We note that sections B.1, B.2 and B.3 were first published in [20] that was written
together with T. Quella and V. Schomerus, whereas B.4, B.5 and B.6 originally appeared
in [21], which was a collaboration with C. Candu, T. Quella, H. Saleur and V. Schomerus.

B.1 The special case of OSP(4|2)

This section contains a number of basic notations and results concerning the Lie super-
algebra osp (4|2) that we use in the main text, mostly in subsections 4.4.3 and 4.3.3.
The complex superalgebra g := osp (4|2) is a simple superalgebra of type II and may be
realized in its fundamental representation as the following set of six by six matrices

. A |BY\  A'=-4 : 0 -1
OSp (4|2) = {(W’?) . Dth _ —J2D } with J2 = (1 0 ) y (Bll)

where we use the standard definition of graded commutators. We have the usual sepa-
ration of the superalgebra into a bosonic gz = sp(2) @ so(4) = sl(2) @ sl(2) sl(2) and a
fermionic g7 subspace. In addition, the superalgebra has a Z-grading that is compatible
with its Zy structure, i.e. g =g_o® g_1 P go D g1 D g2, where the relation [g;, g;] = gi+;
holds, with go = so(4) @ gl(1), gg = g2 D go @ g2 and g7 = g_1 D g1. Here g4; contain
those generators that have a positive, respectively negative weight under the gl (1) part
of go.

An integral dominant highest weight A = (j1, jo, j3) of gg is also one for the full
superalgebra g if it obeys the following consistency conditions:

1
If jl = 0 then j2 = jg =0 5 If jl = 5 then jg = jg (B12)

where the first spin is related to the symplectic subalgebra and the two others to the
orthogonal one. In our notation, all the spins take integer or half-integer values. The
finite dimensional irreducible representations [A] of g are then constructed as follows.
Taking an irreducible highest weight representation (A) of gg = so(4)®gl(1) with highest
weight A = (j1, jo, J3) associated to the highest weight vector vy, we set

My = U(g)(E;))¥ oy Ka = Ind}(A)/My ,

where E| is the lowering operator of the symplectic subalgebra and p = go ® g1 P go-
In the above equation, we have considered the go-module (A) as a p-module by letting
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gi,1 = 1,2 act trivially on it. The finite dimensional representation K, is called the
Kac module of A and is generically irreducible. The set of Kac modules is divided into
typical and atypical ones. If the Kac module K, is typical, then it is guaranteed to be
irreducible. In this case we define the simple module [A] to be K. If, however, one or
more of the following atypicality conditions

251 = —Jj2—J3,
271 = Jo+i3+2, (B.1.3)
2j1 = £(j2—73) +1

hold, then K, is atypical and will generically contain a maximal invariant subspace |5
without being fully reducible, i.e. it will contain indecomposable submodules. In those
cases, we set [A] = Ky/lp = topKy. We note, that I, may be trivial even though K, is
atypical.

The eigenvalue of the quadratic Casimir in the simple module [A] is given by the
formula

Cas(A) = —451(ji — 1) + 25202 + 1) + 253(js + 1) . (B.1.4)

In particular, Cas(A) is always a square, i.e. Cas(A) = k% k € N, on atypical representa-
tions [A], as one can easily check by using (B.1.3). The atypical weights A = (j1, j2, j3)
can be divided into blocks 'y, such that weights in I'y possess the same eigenvalue
Cas(A) = k? of the quadratic Casimir element. The corresponding atypical labels can
be listed explicitly [52],

1
F() - {on():(o,o,()),A07l:§(l+1,l—1,l—1),ZZ 1}

(B.1.5)
I, = {AkJ,ZEZ}
where
Nl 42—k, ~l+ k) ifl < —k
=l+1Ll+k—=1,—-1l+k—-1) if —k+1<1<0
— 2 I ) = =
Ma =N k-1, 1tk 1) t0<i<k—1 (B.16)
S(U+2,1+ k1 —k) if k<1

One sees easily, that the weights Ay _; for & > 1 may be obtained from Ay, by simply
exchanging the second and the third Dynkin label. Furthermore, it is possible to dis-
tinguish the weights Ay ; according to the atypicality condition (B.1.3) they obey. The
only weight to fulfill the first condition is Ago. The weights belonging to the second
condition are Ag; for [ > 1 and Ay 4 for [ > k. Finally, those the satisfy the last
atypicality relation are the Ay 4, for [ < k.

The only atypical Kac modules Ky, , which are irreducible correspond to the weights
Ay for £ > 0 and to Ag;. The indecomposable structure of the remaining ones can be
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deciphered from the following diagram,

Kaos  [Nog2] — [Aoo] ® [Ao,]
K Aoy — forl >3
Nou i) — [Bgyr] for 1 > .
KAML:[AhA'_ﬁ[Akll]ﬂHl;EI
KAML [Akﬂ ——ﬁ[AkH4]ﬂﬂ'l§;—1 .

These diagrams are to be understood to mean that the right hand side denotes the radical
of K, whereas the left hand side designate the top. For example rad Ky, , = [Ago] @ [Ag,1]
and top Ky, , = [Agz2]. The dimension of the typical Kac modules is

dim[K(jl,jzds)] =16(2j1 — 1)(2j2 + 1)(2j5 + 1) (B.1.8)

whereas the dimension of the atypical ones may be inferred from their structure, together
with the following formulas for the dimension of the irreducible representations,

dim[Age] = 1,  dim[Ags] = 17,  dim[Azo] = 4k* +2
dim[Ag,] = (21+ 1) [(2l+1)* = 3] forl>2 (B.L9)
dim[Ayy] = (20+1) [4(k* —1) — (204+1)*+7] for I <k—1 o
dim[Ag] = (204 3) [(20+3)> —4(k* —1) = 7] for | > k

where, of course, dim[A; ;] = dim[Ax;]. The decomposition of Ky for j; > 1, whether

typical or not, into irreducible modules of the bosonic subalgebra has been computed
in [94]. It takes the form

S 1 .
[Kaly, = (J1, 72, J3) @ (1 — 5,J2e T a,j3+ )

2
aﬁzi%
@ [(Gh =1, Ja+a,j3) © (1 — 1, J2, Js + @) ] ©2(j1 — 1, ja, js) (B.1.10)
a=%1
© @ J1— ,]2+a g3+ 8) @ (1 — 2,52, J3) -
a,B= il

There are a few special cases for which the decomposition is not generic. If j; < 2,7, <1
or j3 < 1 then the above decomposition formula must be truncated at the point where
one ore more of the labels become negative. Moreover, there are two cases for which the
multiplicity of the (j; — 1, jo, j3) submodule has to be changed. If j; = 1,5 > 0,73 > 0
or j1 > 1,5 =0,73 >0o0r j; > 1,55 > 0,73 = 0, then this block will appear only once
and if both js and j3 are null, then it will not be present at all.

When j; = %, the Kac modules K, with weight A obeying the consistency conditions
(B.1.2) are equal to the irreducible modules [l k E} and they possess the following

27202
structure

1k k 1k k k+1 k+1 k=1 k—1
R RN (i A = -2 ) . Bl
{2’2’2]% (2’2’2)69(0’ 2 72 )@<0’ 2 72 ) ( )
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Finally, the Kac module Ky o is trivial.

The last part of this section concerns the projective covers of the irreducible repre-
sentations. For typical weights A the projective cover of the simple module is the simple
module itself. In the atypical case, we get from [52] that:

PAO,O [Ao,o] - [A0,2] - [Ao,o]

PAo,l : [Ao,l] - [Ao,z] - [Ao,l]

Proo = [Ao2] — [Aos] @ [Aoa] @ [Aop) — [Ao2] (B.1.12)
P Ao, [Aoy] — [Aoys1] @ [Aoy—1] — [Aoy] for >3

Paw [Art] — [Apag1] @ [Ari—1] — [Ard] -

These diagrams are to be read in the same way as (B.1.7). For instance topPy,, =
socPy,, = [Ago] and rad Py, ,/socPy,, = [Ag2].

B.2 Recombination of the bosonic characters

Let Z be a partition function with osp (4]|2) symmetry. If we denote the characters of the
bosonic subalgebra by X(thjmg)(zi) = X, (21)Xja (22) X5 (23), We can write the partition
function as

7 = ZX/Bx(zl,ZQ,Z?,)?/JE(Q) = Zxﬁ(zl,z%z?,)wf(q) (B.2.1)

AeT AeJ’

where (7' C J is the set of labels in J = {(ji, j2, j3); ji € 5} that are compatible with
the consistency conditions (B.1.2). Here, the first decomposition is in terms of bosonic
characters while the second one is based on the characters of Kac modules. In order to
find the relations between these two decompositions, we recall that the roots of the four
fermionic lowering operators in g_; := osp(4]2)_; are

11 1 1 1 1
(i1 1 (=2 =42 . B.2.2
04172 < 2727 2) 04374 < 27 27 2) ( )

Let us first discuss the generic label A = (jy, j2,j3) where either j; > 2, or j; = 1
and (ja,j3) # (0,0). In such cases we can write the decomposition of the Kac module

character X% as

4
Xk = Z > b (B.2.3)

where 3 is any of the weights that appear in the i™" exterior product Alt'(g_,) of g_;.
We also allow for negative spins using the formal prescription x; = —x—_;_1. To treat the
remaining cases with j; < % we employ the formulas developed in appendix A. Inserting
the decomposition of Kac modules into the partition function Z leads to a formula that
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expresses the bosonic branching functions ¥ as sums of the branching functions ’l/)K
Our main aim is to invert this relation, i.e. to determine the branching functions ¥ in
terms of 8. To this end let us state a few basic properties of X that will be checked
afterwards, once we have an explicit formula,

K . K . K
w[jl,j%j?)} - _¢[j1,—j2—1,j3} - _¢[j17j2,—j3—1} : (B'2'4)

If we take this behavior of 1)X for granted the decomposition formulas for the partition
function Z and of x¥ in terms of bosonic characters imply,

4

WR=Y > Wk (B.2.5)

=0 geAlt’(g-1)

for all A € J'. Inverting this expression leads to the following result

NI G K SR SPR (B.2.6)
n=0 pesym(a-)

To establish formula (B.2.6) we plug (B.2.5) into (B.2.6). Thereby we obtain

wK Z ZZ ' Z Z ¢A B— _?/’A ) (B.2.7)

i=0 J=0 BeSymi I (g_1) yeAlti (g_1)

=0 1f 1#0

thus showing that (B.2.6) inverts (B.2.5). In (B.2.7) we have set Sym"(V) =0 if n <0
and used the identity:

Y= > Y Bty =0, (B.2.8)

Jj=0 BESYyMI—I (V) veAII (V)

which is true for every four dimensional vector space V' and every function ¢ as long
as ¢ > 1. To show (B.2.8), we introduce the symbol & which is to be understood as
a sort of a negative of a direct sum as for example in A@® B© B = A. Then (B.2.8)
is equivalent to @?:0 &ISym" (V) @ Alt/ (V) = 0 if 4 > 1, which can be shown using
standard Young tableaux techniques. Denote a tableau consisting of one single row with
m boxes by 1™ and a tableau with one single column of n boxes! by n! and compute
that 1 @n! =1 @ 1™ Y n+ D' if m > 1,n > 1,n < 4. Thus

4 4
Peisym (V) A (V) = P et @ 5!

3
=lo@e 17 @17+ 1) ]el o4 =0 (B.2.9)

J=1

1Since we work with a four-dimensional space V, 4! = 0! must denote the trivial one-dimensional
space.
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if i > 1. Thereby we have established that our assumption (B.2.4) implies the result
(B.2.6).

In order to complete our proof of equation (B.2.6) we still need to verify our as-
sumption (B.2.4). Let us observe that the bosonic branching functions 1)® possess the
same symmetry property, because, since the bosonic characters B are simply products
of sl(2) characters x; = —x_;_1, the identity (B.2.4) holds trivially for ¢® instead of
K. We can use this fact to show that for m = 2,3 we get

[e.9] o0

S(a) = Z(—l)i Z Vo nyp = Z(—l)i Z B (A8
i=0 BeSymi(g_1) =0 BeSym®(g_1)
=3 Y W=D Y Wk, (B210)
=0 BeSym’(g—1) =0 BeSym* (g-1)

The labels wy(A) and @wy(A) were introduced as wo(A) = (71, —J2 — 1, j3) and @9(A) =
(J1, —J2, 73) for all A = (j1, j2, j3). Similar conventions apply to ws and @s.

As we have noted before, the functions ¥ can have Laurent expansions with negative
coefficients. Such negative coefficients only appear in the atypical sector and they can be
traced back to the fact that we expanded the partition function Z in terms of ‘unphysical’
characters of Kac modules rather than through those of irreducible representations. The
relation between Kac modules and irreducible representation has direct implications
on the corresponding branching functions. In fact, the branching functions ¢, that
are defined through a decomposition into characters of irreducible representations are
related to the branching functions ¥ by ¥y, 5,.55(q) = Y, ¥k(¢). On the right hand
side the summation extends over all those Kac modules K, that contain the irreducible
representation [ji, J2, 73] in their decomposition series. All relevant decomposition series
were spelled out in eq. (B.1.7). This gives

Unoo(q) = Uiy, (@) + U, ,(q)
q9) = ¥, (@) + UK, (@  YI>1

Vi, (

Unio(@) = VR (@) + U8, (@ + UK, (@ VE>1 (B.2.11)
Ung, (@) = UK, (@ +YK,,, (@ Yk >1,1>1

Une, (@) = UK, (@ +9K,, (@ YE>1,1<-1.

Let us stress that the branching functions 14 (¢) for irreducible representations of osp (4|2)
are guaranteed to have non-negative integral coefficients.

B.3 A free field construction for osp(M|2N);

This appendix contains a free field construction of the affine osp(M|2N) algebra at level
k =1 in terms of free fermions and several bosonic ghost systems. Let us decompose

162



B.3. A FREE FIELD CONSTRUCTION FOR OSP(M|2N); 163

all supermatrices X € osp(M|2N) into blocks according to

£1T T
X = | —T|F ¢ (B.3.1)
T |G —F

where £ is antisymmetric and G, G are symmetric. A basis for the various blocks in the
supermatrix X is provided by

Eij = eij —eji 1<i<j <M

Fap = €ab 1<a,b<N

Gav = Gub = €ab + €pa I1<a<b< N

To = Tia = €ia 1<i<M,1<a<N (B.3.2)

where e,,, are elementary matrices. The matrices we have just introduced describe the
various blocks in the supermatrix X. We agree to denote by F;; the supermatrix of the
form (B.3.1) where £ is given by &;; and all other blocks vanish. The basis elements
Fop, Gap, Gap, Tia, Tiq are defined similarly.

Now let us introduce M free fermions ; and 2N bosons (3., 7, with the following
basic operator products,

by w) ~ —5 B (w) ~ —va()w) ~

Z—w Z—w

(B.3.3)

We can define the free field representation of the osp(M|2N) current algebra through

Eij(z) = (iby)(z),  Fal(z) = —(Bam)(2)

Ga(z) = (Ba)(2) Ga(2) = —(7am)(2)

Tiu(2) = i(@iBa)(2) . Tial2) = —i(¥ia)(2) -
The invariant bilinear form for osp(M|2N) is (X,Y") = $str(XY). On the basis elements
it takes the following from

(Eij, Er) = —0p0 i<jandk <l
(Faby Fea) = —0adlbe
(Gap, Gea) = —0uclpq fora#band c#d (Gaea,Gr) = —20a
(Tia, Tjy) = 0ij0a - (B.3.4)

With the help of this form and assuming that M # 2N + 1, the holomorphic part of the
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energy momentum tensor is given by the Sugawara construction

A I S - .
T(z) = Wtg)  htg) [ - szzl(E--) - gz:l(Fabea) - a;;l ({Ga,Gar})
1 N M N
_5 Z; ( { aa, G Z; Z; Tia, T, }
= 5 o) +%a21 ((8.0) — (1205,)) (B.3.5)

Here, the dual Coxeter number is given by gV = M — 2N — 2 and the value of the level

is k = 1. The central charge of the system is easily seen to take the value ¢ = % — N.

Let us now introduce the involutive automorphism €2 such that the fixed point set
{X € osp(M|2N)|Q2(X) = X} is isomorphic to osp(M — 1|2N). On the basis we
introduced above, ) acts non-trivially only on EZ],Tm,Tm. In fact, it multiplies all
operators with ¢ = 1 by —1 and leaves the others invariant. If we denote the anti-
holomorphic fields corresponding to v, Ba; Ve bY ¥s, Ba, Ja, the deformation operator
J#Q(J,) can then be written as

I
M:

N
wz(wz¢] ¢2¢] Z 6a7b 61)7{1

JHQ(T,)
i<j=1 ab=1
N 1N
+ Z [(ﬁa/@b) (Ya¥) + (Ya 1) (ﬁ ‘I’ 2 Z (Bafa)(VaVa) + ('Va'ya)(/@aﬁa)}
a<b=1 a=1
M N o
Z Z w; wzﬁa %%) (wz')/a)(,@bzﬁa)}
i=1 a=1
R ) N ) 2
= 5 wz,@bzwz + Z (’yaﬁa - ﬁa’?a) (B36)
i=1 a=1
where w = (—1,1,...,1). In order for the last line of (B.3.6) to make sense, we need to

first expand the square and then bring all the fields in the standard normal ordering.

B.4 The quadratic Casimir elements
For a simple contragredient Lie superalgebra g the invariant, supersymmetric, consistent,
non-degenerate and bilinear form § : g x g — C exists and is defined uniquely up to

a proportionality constant. Every such invariant form [ defines a quadratic central
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element in the universal enveloping Lie superalgebra in the standard way. To be more
precise, let T4 be a basis of g and let T4 be the dual basis with respect to 3, that is

B(Ty, T?) = 5. (B.4.1)

Then the quadratic Casimir associated to the invariant form [ is defined as

dim g

Cas == » TuT". (B.4.2)
A=1

It is not hard to verify that Cas is indeed central. The Lie superalgebra u(S |S) we are
dealing with in parts of this work, however, is not simple. After a normalization has
been fixed, it possesses a one parameter family of invariant, supersymmetric, consistent,
non-degenerate and bilinear forms. Let V' ~ V5 @ Vi denote the graded fundamental
module of u(S |S) with even dimension dim Vj = S and odd dimension dim V; = S and
py :u(S|S) — End(V) be the corresponding representation. Then the one parameter
space of invariant forms of u(S'[S) is constructed by using the invariant supertrace

B(X,Y) = strpy(XY) + astrpy (X)strpy (V) . (B.4.3)

Let now E;’ be the standard basis of End(V), that is the 25 x 25 matrices with an
entry 1 in the i-th row and j-th column and 0 entries everywhere else. According to the
definition (B.4.1), the basis dual to E,” with respect to the form (B.4.3) is given by

E7) = (—1)VE —adE
(£7) -l

where we have denoted by F the identity matrix. The quadratic Casimir of a reductive
Lie superalgebra is constructed in the same way as in equation (B.4.2). When the
invariant forms are not unique, the same is true for the Casimir element. In particular,
the quadratic Casimir element of u(S |9) that is associated to the form (B.4.3) becomes

Cas, = E/E (-1)Vl —aFE”. (B.4.4)

The eigenvalues of Cas, in an irreducible representation with highest weight A can be
evaluated by computing scalar products in the weight space h* in exactly the same
way as for simple Lie superalgebras. Let us see how this works. Choose the diagonal
generators Dy = E\', ..., Dog = F,¢* as a basis of the Cartan subalgebra b of u(S|9)
and denote by €,...,€g,01,...,0s, respectively, the dual basis in . The restriction of
[ to b defines a natural isomorphism ¢ : h — h* by

e(H'Y(H") = B(H',H") (B.4.5)
and endows h* with a scalar product
(A pa = B (A, 07 (1) - (B.4.6)
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166 APPENDIX B. REPRESENTATION THEORY

In the basis d;, €; of h*, the natural isomorphism (B.4.5) reduces to

QO(Dl) = 61,...,@(D23) = 53.

The matrix elements of the scalar product (B.4.6) in the weight space h* of u(S|.S) with
respect to the basis €;,d; can easily be computed

(62'7 Ej)a = 6@']’ — Q, (517 5j)a = _6ij — Q, (EZ’, 5j)a = — . (B47)

One natural way to parametrize the highest weight vectors A for irreducible represen-
tations of u(S]S) is by specifying the coordinates of A with respect to the basis ¢, d;.

Thus, if
S

A =) (pidi+ o€ (B.4.8)

i=1
is the highest weight of a highest weight representation, then

The eigenvalues of the Casimir element do not depend on the conventions for positiveness
in the weight space. To compute them, we shall use a non-standard, but convenient
absolute ordering

€. > ... > € > 0 > ... > Jg (B.4.10)

which fixes the positive roots to
€ — €54, 6k_6l7 ei_(sk )

where ¢ < 7 and k < [. Now if v, is the highest weight vector of some highest weight
representation, then the eigenvalue of the Casimir on that representation can be easily
computed

25 28 j7—1 -
Cas,vp = Z(—l)“'vaA — aF?u\ + (E7, B.7](~1)1v,
i=1 §=2 i=1

25 258 j—1
= (2:(—1)”'1\(&)2 —al(E)* + (~1)¥'A(D) — (—1)iA(Dj)]> U

i=1 =2 =1

Using the equations (B.4.7), (B.4.8) and (B.4.9), one can derive the desired form for
the eigenvalues Cas,(A) of the Casimir (B.4.4) in a highest weight representation with
highest weight A, namely

Casy(A) = (A, A+ 2p)a, (B.4.11)
where p is the Weyl vector
S
20 = > (e—€+06—6)— > (-5
1<i<j<S ij=1
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with respect to the chosen absolute ordering (B.4.10). Keeping in mind that the Weyl
vector is the half sum of all positive roots minus the half sum of all negative roots,
formula (B.4.11) for the eigenvalues of the Casimir can be rendered independent of the
definition of positiveness in the weight space.

In the main text we use another notation for the weights of u(2|2), which stems from
a different choice (5.2.11) of basis for the Cartan subalgebra. With respect to this basis,
a highest weight A = [j1, J2, a, b] has the following components

AJz) = 51, Ay = jJo, A(J) = a, A(Jy) = 0. (B.4.12)

The dictionary between the labels p;,0; of eq. (B.4.8) and the labels ji, jo, a,b is easy
to establish

o1—02 = 2j1, p1—p2 = 2J2, Oo1+oa—pi—p2 = 2a, o1+ox+pi+p = 2b.

(B.4.13)
Moreover, from eq. (B.4.11) we obtain our formula (5.2.17) for the value of the Casimir
elements in the representations [j1, j2, a, b] of u(2|2).

B.5 Atypical branching functions for U (2|2)

In this appendix we collect explicit formulas for the branching functions of atypical
u(2]2) representations in terms of those for Kac-modules. As in chapter 5 of this thesis,
finite dimensional representations of u(2|2) are labelled by four parameters ji, jo € N/2
and a,b € R. There are five different kinds of atypicality conditions on these labels. For
each of these we shall then list the atypical branching functions. All of them can be
derived using the character formulas in [71].

o b=7j1—jo=0

V0,000 = ¢[P§),o,a,0} + w[ﬁ,07a+4,0] + ¢é,%,a+170] + ¢E7%7a+3,0]
¢[%,%,a,o] = ¢é,%,a,0] + ¢é,%,a+270] + U0arro + Yl Larol (B.5.1)
Vjga0) = ¢[§J,a70} + w[ﬁdvcﬂr?,o] + wl[;—%,j—%,a-i-l,o] - ¢[Kj+%,j+%,a+1,0] for j > 1
e b=j1—j2a#0
Vroat] = Yoad) T Vosarad]
¢[0,%,a,—%] - wl[z,%,o,a,—%] + wl[(%,o,a—l—&—%]
Vi1 0,5 = wgl,o,a,jl] + ¢E§1—1,0,a+2,j1} for j; > 1 (B.5.2)
Vio,joa—ja) = ¢['é,j2,a,—j2} + ¢['é,j2—1,a+2,—j2] for jo > 1
Vordsadi=dal = Vlirgnagimi) T ¢E»l_%,j2_%,a+17jl_j2] for j; and j; >0
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e b=—ji1+js #0
K (B.5.3)

_ K
VYl gza,—gitiz] = ¢[j17j27a7_j1+j2} - w[j1+%,j2+%,a+17—j1+jz]
e b=7j+j2+1

¢[0’j2’a’j2+1] - wfgvjz,adé-i-l}+¢E(§,j2+1,a+2,j2+1] (B54)

— K K . 4
Vi goagitiatl] = w[jl,jg,a,jl-i-jg-i-l} + ¢[j1—%7j2+%7a+1,j1+j2+1] for j; > 5

.bz—jl—jg—l

Vs 0.0-ja-1) = w?nova,—jl—ll+w[§1—1,0,a+2,—j1—1] (B.5.5)

1
— K K .
¢[jlvj2707_j1_j2_1} - w[jl,jz,a7—j1—j2—1] + w[jﬁ-%,jz—%,a—i-l,—jl—jz—l] for j; > 9
Explicit expressions for the atypical branching functions are now obtained by plugging
in our formula (5.2.21) for the branching functions of Kac modules. The coefficients of
atypical branching functions turn out to be positive.

B.6 Vanishing invariants on CP° —1IS

We start by considering a general symmetric superspace G/H, where G is a Lie super-
group with an involutive automorphism ¢ such that H is the maximal compact subgroup
of G fixed by o. Let e be the identity of G and consider the point 0 = eH. The Riemann
structure on G/H is defined by the requirement that G is a supergroup of isometries.
This means that the action of G' defines the metric and the curvature tensor globally
once their values are given at a single point, say o.

Let now g and b denote the Lie superalgebras of the Lie supergroups GG and H
respectively. Define the quotient vector space m = g/h. The commutation relations of
g split with respect to the involutive automorphism ¢ into the following three families

b, Ch, [pm]Cm,  [mm]Ch (B.6.1)
In particular, this means that m is a representation of h, which we denote by p : h —
gl(m).
The curvature tensor for symmetric spaces

R,(X,Y)Z=[X,Y],Z), X,Y,Z€em, (B.6.2)

was computed in [95]. We straightforwardly generalize this expression to symmetric
superspaces, as long as X, Y, Z are even graded vectors. Let 3 be a g-invariant, non-
degenerate, supersymmetric and consistent form on g x g. If m is an #rreducible real
representation of f, then the solution to the condition that H is an isometry group

(h-X,h-Y)y=(X,Y),, X, YEm
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is uniquely determined, up to a proportionality constant called the radius of G/H, by
the restriction of § to m x m
(Xa Y)o = /G(Xa Y) (B63)

Note that, in order to be compatible with the automorphism o, the invariant g-form
# must be block diagonal with respect to the direct sum decomposition g = h & m.
Therefore, the non-degeneracy of # implies the non-degeneracy of ( , ), as defined in
eq. (B.6.3).

The curvature tensor being covariantly constant, it commutes with the action of H
at o. It will prove more comfortable to use instead of this commuting homomorphism

R, € Homy (A’ m ® m,m)
the endomorphism (2, € Endym ® m defined the following way

(Y @ W,Q,(Z, X)), = (W, R,(X,Y)Z), = ([X,Y],[Z,W])

where the scalar product on m ® m is defined as
(X ® KZ® W)O = (WvX)0<}/7 Z)o-

Let T; be a basis of m and T}, be a basis of . Again, because (3 is block diagonal with
respect to the decomposition g = m @ b, the restriction of § to h x b is non-degenerate.
Denote by T* the basis dual to T, with respect to (3, that is

ﬂ(Tau Tb) = 51[11

We shall rise and lower the group indexes with the help of the form ( and its inverse
rather than with the Killing form of g, which might be degenerate even for simple
Lie superalgebras. Because of equation (B.6.3), this is consistent with the rising and
the lowering of tensor indexes at o with the metric ( , ), and its inverse. Using the
equations (B.6.1) one can show that

Q(X,Y) = (-7, X] ® [T, Y.
Put differently, the previous equation can be written as
Qp = (=1)"p(T*) @ p(Tu) = p(Ta) @ p(T1) B,

where
ﬁab = B(Tau Tb)

and 3% is the inverse of 3,,. It becomes now obvious that a non-zero contraction in a
tensor power of €,

Q?n = p(Tm) ® p(Taz) K- P(Ta%ﬂ) X P(Tazn)ﬁ{m“ te ﬁazna%ﬂ
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will result in a fusion of the type
p(To,) ® p(Ta;) — p(To,To,)-
In particular, subtracting all but one trace in Q%™ one gets an expression of the form
p(Tay -+ Tap, ) B0, (B.6.4)

where %7 ig one of the (2n — 1)!! h-invariant tensors that can be constructed by
raising to the n-th tensor power the h-invariant tensors 3%%. Denote by Z(h) the center
of the universal enveloping superalgebra U(h) of h. Then we see that the expression in
equation (B.6.4) is an element of Z(h) in the representation p. We arrive at the con-
clusion that all h-invariant rank 2 tensors built from the tensor powers of the curvature
tensor R, by tracing the appropriate number of times with the metric ( , ), can be
interpreted as elements of Z(h) in the representation p.
Consider now the case of complex projective superspaces

CP~11% = U(S]9)/ U(S — 1]S) x U(1).

Complexifying everything, we get that m is the direct sum of the fundamental repre-
sentation Og_1/g of sI(S — 1]9) and of its conjugate Clg_y5, thus revealing the complex
structure of the supermanifold. Moreover, h = sl(S — 1|5) & 3, where 3 is a two di-
mensional center. Let 3 be the u (S|S)-invariant, non-degenerate form provided by the
supertrace in the fundamental representation. Then the restriction of 5 to fh x b is
block diagonal with respect to the direct sum decomposition h = sl(S — 1|S) @ 3. One
can choose as basis for 3 the central element E of u(S|S) together with its dual N
with respect to 3. Recalling that the invariant tensor (%' were built from tensor
products of %%  we notice that £ and N can only appear in equation (B.6.4) in pairs.
Therefore, given that E is in the kernel of p, the invariant tensors in equation (B.6.4)
are effectively in the p-image of Z(sl(S — 1|5)). Finally, all these must vanish because
Og-1)s and Og_y;s both belong to the block of the trivial representation of sl(S — 1|5).
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Appendix C

Special Identities

In this appendix we collect a few definitions and identities that we have employed to
obtain the Casimir decompositions in the subsections 4.3.3 and 4.4.3. We also provide
the first few terms in the Casimir decomposition of the partition function ZEF for S =
1. Most of this appendix was part of [20], written together with T. Quella and V.
Schomerus.

C.1 Identities used in the Casimir decomposition

We recall the definition of Euler’s ¢ function and its associates

olg) = [[a-aqn = (C1yrg®a

(C.1.1)

¢*(q) H 1+q Zpd )

where py(n) is the number of distinct partitions of the integer n, i.e. the number of

those partitions for which each summand is different. The Dedekind 7 function is then
1

defined as 7(q) = q21¢(q). We have the following two identities

57 = Sl = Yt

(C.1.2)

with p.(n), respectively p,(n) being the number of partitions of n for which the number
of summands is even, respectively odd. We can now write down the definition of Jacobi’s
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0 functions, which in our conventions read

7"2 e
01(qlz) = —i Z (—1)T_%zrq7 = —iz2g8 H(l —¢")(1 = z2¢")(1 — 27"
reZ+3 n=1

ba(glz) = > #qT = 23gF [J(1 - ¢") (1 +2¢")(1 + 27" )

rEZ—i—% n=1
) (C.1.3)
O3(qlz) = Y _2"q7 = [Ja-¢") J] t+2¢)1+2""q)
reZ n=1 reN—l—%
0u(glz) = S (~1)72"q = H 1—¢") J] =21 -2""q") .
TEZ n=1 reN+3

The following two lemmata contain auxiliary formulas that are needed to rewrite the
partition function (4.3.21) in terms of characters of osp (4/2).

Lemma C.1.1.

T (m+2n+1) q%(m+2n—1)

(o @] 1 .
g (1= 2¢")(1 —27"¢") % Z o(q)?

ne” m=0

Proof. We assume that |q| < |z| < 1, which is the relevant condition for the above
expansion to make sense. We want to find the coefficients f¥(g) in the relation

N Zl — 1
Zfl (Q) (1_2)1—[]\7

lez ne1 (1= 2¢")(1 — 271q") .

To do this, we multiply both sides by z=*~! and integrate them over z along a contour
that surrounds zero in a counterclockwise direction. In order to stay within the region
|z| <1 it must cling to the unit circle on the inside. The left hand side of the previous
equation gives us the coefficient f{¥(g). The right hand side is zero for z = 0 and the
first order poles that are encircled by the contour are at z = ¢" forn =1,..., N. Their
residues are given by

i Z—k—l(z _ qn) B ( l)n—lq%(n—Zk—l)
lmn N 1 1N N+n
=t (1= 2) [[2,(1 = 2¢")(1 = 27'¢") 1-)II5"(1—q)
If we finally remove our cutoff NV by sending N — oo, we arrive at

1
(1= 2) L2y (X = 2qm)(1 = 27'q") =) Z

kEeZ n=0

qz(” 1-2k)

Multiplying both sides by 1 — z and using the lemma C.1.2 below to shuffle some minus
signs around completes the proof. O

172



C.2. CASIMIR DECOMPOSITION OF ZgY,_, 173

Lemma C.1.2.

Z Z (_1>qu—m(n+s)(1 _ qm) _ Z Z (_1)mqmw2zfl)_m(_n+s)(1 _ qm) ]
m=1s=—r m=1s=—r

Proof. The first equation is shown to be true by splitting the sum in 32" _ and 322" 1

and showing that they are equal up to a sign. The second equation then follows easily
from the first. O

There are a number of very simple auxiliary formulas that are needed for the Casimir
decomposition in subsection 4.3.3. Let us only list two of them here:

e For a set of constants a,, € N, chosen so as to obtain convergence, we have

ST =g, = Y (@ —a) . (C14)

r=0 r=0

e The following simple rearrangement formula is used to rewrite the branching func-
tions for the S%? sigma model:

<q<jz—g)2 _ q(j2+g+1)2> <q(j3—g>2 _ q<js+g+1)2) _ qu<jz+1)+js<jg+1)q§+r+1

> (q—(r+1)(j2+j3+1)+ (r+1)(j2+js+1) _ (r+1)(j2—7s) —(T+1)(j2—j3)) )

(C.1.5)

q q —q

C.2 Casimir decomposition of Z%S\Z:l

In section 4.4.3 we obtained the closed formulas (4.4.28) and (4.4.30) for the Casimir
decomposition of the partition function Z%I,\IMZI. Since our expression for the branching
functions is a bit complicated, let us reproduce the first few terms of the partition
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function explicitly,

0 1 1 3
Z‘BM (@) = ¢"xp,00 + a>X(L00 4 X000 T G2 <X[g7o,01 + X[%,o,O})

+¢* <X[200} + X0 + XL 11+ X[o,o,o})

5
q2

<X2,oo X300 T X211+ 2X(2 0 })

12732

+q3

/N

X[3,00] T X[200] + X(3,1 1]+ 4X[1,0,0] + Xty X[o,o,()])

w\\l

<X 200 T X300 T X211 +3X3 00 T 2X1,1,1 + 3X[%,070}>

+q' <X[4,0,0} X300 T X(3,1 1) + 3X20,0 + 2X3 + X[1,1,0] + X[1,0,1]

11 11
1999 7575}

F0X[00 +4xL L+ 3X[0,0,0}>

9
+q2 <X[g,o,0} + X200 T Xp,11) +3X[5 00 T 2X]e

1272

2441 T X310
X300 T OXB 00 T AXLL 1 T XLy T TXL 00])

+q° (X[S,0,0} + Xg00 + X(z,1,4 T 3X[3,0,00 T 2X[g + X[2,1,00 T X[2,0,1]

11 11
1999 7575}

+5X[2,0,0 + 5X[g 1 X+ X0 + X101 + Mxo0 + 5X[%,%,%} + 3X[0,0,0}>

11

7272
11

+q>2 (X[%o,()] X200 F X, 1,17+ 3X(T 00 T 2X(3,1,1) T X(5 1,0

X501 T 5X[g,o,0} + 5X[2,%,%} + 10X[g,0,0] + 2X[g,1,0} + QX[g,o,l} + X211

+8xp,11 + XL+ 11X[%,0,O]>

11
127 2
+¢° (X[G,0,0} + X[5,000 T X241+ 3X[4,0,0] + QX[g,%,%} + X[3,1,0]

+X[3,0,1] + 9X[3,0,0 + 5X[g7%7%1 + 11x2,0,0 + 2X[2,1,0) T 2X[2,0,1] T X[2,1,1]

+11x 1+ 2x 0,1, + 4AXq,0) + 4x,0,0) + 22X01,0,0) + 13X[%,%,%] + 9X[0,0,0})

311
27272

13
+q (X[lS 0.0 T X[ 00 T X524 T 3X(2.0,0 T 2X(a1.1 T X210

+X[Zo1) T 5X[5,0,0} + 5X[3,1 1+ 11X[5 00 T 2X[2,1 ot 2X[ 01 T X[2.1,1]
TN 1 17+ 2X(3 1)+ OX8 100 T X3 .00) T 16X 0,00 T 1OX 2 1)+ X138

11
1272

One may deform this expression to values R # 1 by means of the formula (4.4.39) at
the end of section 4.4.4.
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Appendix D

Laplacian on complex line bundles over
CPS—HS

This section first appeared in the article [21]. Let g,, be the matrix elements of the
metric g on CP°~1¥ in some set of local real coordinates ¢?, g*? be the matrix inverse to
9pg» V be the Levi-Civita connection with respect to the metric g and A = A, (¢)dy? be
the one-form monopole defining a complex line bundle over CP¥ ~US_ Then the Bochner-
Laplacian on the complex line bundle over CP*~!¥ is defined by the following second
order, u(S |S)-invariant differential operator

A= gpq(vp + Aq)(vp + Aq)'

Existence theorems that are discussed in [96] ensure that a non-trivial complex line
bundle exists and is unique if and only if the curvature €2 = dA of the connection A
satisfies the following integrality condition

Q
| omez
(C]Pl 27TZ

Let w® be a set of local holomorphic coordinates on C
the standard metric on CPS~!¥ in the Fubini-Study form:

PSS, allowing us to express

6ij (—1)U|w5wj

T Iltwlw (14wt w)?’

iz

where the sign conventions for the scalar product in the supereuclidean space C5~11%
are w! - w = §;;ww’. The metric form is

ds® = gpedpPdp? = 2gdw’dw’
and all the geodesics are closed and of fixed length v/27. The Kéhler form
w = —ig;dw! A dw'

can be normalized to yield a generator for the second integral cohomology group. Indeed,

from
/ w = 2T,
CPt
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the existence condition for the complex line bundle reduces to
Q= —ilw,

where [ € Z is called the monopole charge.

By standard methods in the theory of complex line bundles, see [69], one can prove
that the space of sections of the bundle with monopole charge [ is isomorphic to the
space of equivariant functions on CP°~¥, that is the space of functions f (w,w) with
the property

few, e™ ™) = ™ f(w,w),

where « is real. This functional space can be constructed as a square integrable span of
the monomials Z% ... Z%+ 27 . 7 where the Z' are the components of some vector
belonging to the u(S |S)-fundamental representation O satisfying Z1-Z = 1 and k, [ are
integers such that £ >0, k+1 > 0.

k+1

HEEEEEEE 2N EEE

Traceless

<—l—>

*

Figure D.1: The symmetric traceless tensors t(k + [, k) are build by taking the ten-
sor product between Sym*™'[0 and Sym*[0* and removing all possible u(S|S)-invariant
contractions between the indices.

The harmonic decomposition of the space of equivariant functions with monopole
charge [ # 0 is a multiplicity free direct sum of u(S'|S) supersymmetric traceless irre-
ducible tensors t(k + [, k) of contravariant rank k + ! > 0 and covariant rank k& > 0,
shown in figure D.1. The highest weights of these tensors can be easily computed in the
d;, €; basis of sec. B.4. If one chooses the absolute ordering (B.4.10) in the weight space
of u(S|S) then the highest weight of the fundamental representation becomes ¢;, while
of that of the dual representation —dg. The weight of a supersymmetric tensor power
of a vector follows immediately from the definition of the tensor action of the super-
algebra. Thus, the highest weights of the supersymmetric irreducible traceless tensors
t(k+1,k), 1 >0 are

o (k+l)€1—55_k+1—-"—55, k‘SS
PREZ Y (k- Dey — (k= S)es — 61 — - — 0g, k> S

while those of the tensors ¢(k' 4+ 1, k') = t(k,k +|l]), | <0 are

) = kei — 0s—p—jy41 — -+ - — 9s, E+l<S
ST Y ke — (k41| = S)er — 0y — - — 65, k+l| >8]

where in both cases k > 0.
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With this explicit construction of the complex line bundles at hand one can compute
the spectrum of the Bochner-Laplacian, see [69]. The net result for the eigenvalues
el(k) of A 'is

| | r
kEy==2(k+—=||k+—=— — D.0.1
ei(k) ( +3 +3 5 (D.0.1)
where k£ > 0. Comparing this spectrum to the eigenvalues of the Casimir (B.4.4, B.4.11)

Case(pirg) = 2K% + 2k + 1N (]| = 1) — ad?, (D.0.2)

we see that
A =—Casy—; .

In the end let us list the labels (B.4.12) of the highest weights py,; of supersym-
metric traceless irreducible u(2|2)-tensors t(k + [, k) and t(k, k + |l|). Using the dictio-
nary (B.4.13) we get for 1 >0

[ 1 [+1 11 l l l [
MO,Z_[§707§7§:|7 :ul,l_|: 57 +17_:|7 :uk,l_|:§+k_1707§+27§ )

for k=2,3,.... When [ < 0 we have

11 1 [ [ [
= - =, —= =|—=+k—-1,0,=4+2,= k4 [l] > 2.
Ho,—1 |i072727 2:|7 228 |: 2+ 7072_'_ 72:|7 +‘|—
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